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A SURVEY OF PROMPT-NEUTRON LIFETIMES 
IN FAST CRITICAL SYSTEMS 

by 

G. S. Brunson, R. N. Curran , J. M. Gasidio. and R. J. Huber 

ABSTRACT 

Measurements of prompt-neutron lifetime by the R o s s i - a method in more than 30 dif
ferent c r i t i ca l sys tems a r e repor ted . Most were assembled in Argonne 's Zero Power Re
actor III (ZPR-III). The Rossi-a. method, which has been descr ibed in the l i t e ra tu re , (L* . 5) 
r ep re sen t s a d i rec t exper imental determinat ion of the rat io Akp/T„, from which a value for 
TQ is obtained if an es t imate of Akp is available. 

Our r e su l t s indicate that for these a s sembl i e s , the lifetime is a lmost entirely gov
erned by the uranium content of the core , and we have rela ted our r e su l t s on lifetime to an 
empi r i ca l pa rame te r : 

J / Core Volume \ . J_ ( Core Volume \ 
^ l ,Fraction of U " V 9 ^Frac t ion of U " V 

For values of V* g rea te r than 0.09 we obtain for a l l -meta l assembl ies 

T„ (in shakes) S 1 . 3 5 ( V * ) " ° " (1 shake = 10" ' sec) 

For values of V* less than 0.10 the empi r ica l relat ionship is 

To (in shakes) ~ 0.37 ( V * ) " ' " 

Orndoff''*' l imits his development of Ross i - a theory to smal l s ingle-region sys tems 
in which there is no wide spatial variat ion in neutron energy. Since some of the sys t ems we 
have studied may be both large and complex by his c r i t e r ia , we have done exper iments to test 
the range of validity of the theory. We find that in a large a l l -meta l system, such as the 
mockup for the Enr ico F e r m i Fas t Breeder Reactor , the value obtained for alpha does not 
appear to vary with the position of the counters in the core . A more interest ing resul t a r i s e s 
from a measu remen t of the total coincidence probability as a function of the separat ion of the 
two counters . We find that the terminat ing counter was not necessa r i ly most likely to detect 
a cha in- re la ted neutron when it was closest to the initiating counter. Rather, it was most 
likely to detect chain-related neutrons when it was in a position of highest flux, and, further, 
this probabili ty is , within the l imits of exper imental e r r o r , direct ly proport ional to the flux 
in which the terminat ing counter is placed. 

In another assembly which had beryl l ium regions in the reflector it was found that the 
t ime distribution of coincidences at the center of the core was complex but could confidently 
be resolved into two decay per iods: 

P(t) At = CAt •HAe^-'''^"^^^ At + Bet- ' ' '>° ' )* At , 

where the two ampli tudes A and B were near ly equal. The la rger alpha is in terpre ted as r e p 
resent ing the t ime behavior of chain-related neutron pai rs having no intervening events in the 
beryl l ium. The smal l e r alpha r ep re sen t s the time behavior of chain-re la ted neutron pa i r s 
when at least one intervening event has occurred in the beryl l ium. When the ternninating 
counter was placed in the beryl l ium, a single value for alpha was obtained which agreed with 
the smal le r value found in the core . The disappearance of the fast decay in this case sup
ports the hypothesis that the la rger alpha is associa ted with the core composition. Fur the r , 
an extension of Orndoff's theory gives a metho-^ of determining the react ivi ty of the fast s y s 
tem independent of the react ivi ty contribution of a moderat ing ref lector . 



I. INTRODUCTION 

Rossi-alpha measurements have been used to determine prompt-
neutron lifetimes in the Argonne Fast Source Reactor(l^^ (AFSR), in the 
Transient Reactor Test'l'*) (TREAT), and in a majority (more than 30) of 
all the crit ical systems assembled in Argonne's Zero Power Reactor III*'/ 
(ZPR-III) since its inception in late 1955. Originally, prompt-neutron life
times were of interest primarily in hazards analyses. However, they are 
now of interest as indicators of the neutron energy spectrum. The experi 
mentally measured quantity called Rossi alphat l'"^'5) is the ratio of Akp 
to the promipt neutron lifetime. At delayed crit ical , Akp is equal to the 
effective delayed neutron fraction and can be calculated from knowledge of 
the fuel isotopes. From these two numbers the prompt-neutron lifetime 
can then be obtained (TQ = Akp/a) with an accuracy of perhaps 6%. 

The range of measurements covered by this report extends from a 
lifetime of about 2 x 10"* in AFSR to about 1 x 10"^ sec in TREAT. The 
fast systems ranged from AFSR with a core volume of a little more than 
one liter of solid enriched uranium (about 21 kg net U"^) to Assembly 35 
in ZPR-III which had nearly 600 kg of U " ' in a core volume of 435 l i ters . 
Los Alamos and British lifetime measurements are consistent with the r e 
sults reported here. 

Normally, Rossi-alpha measurements are considered to involve 
only the time distribution of the probability of detecting chain-related 
neutrons. However, in order to examine some of the limitations of the 
theory as derived by Orndoff,(4) we have extended the technique to include 
the space dependence of the probability of detecting chain-related neutrons. 
In addition, in a reactor with a fast core and some moderator in the r e 
flector, we have been able to examine the "fine s t ruc ture" of the prob
ability and arrived at a value for the reactivity of the fast core alone, 
independent of the reflector contribution. 

II. THEORY 

The theory has been well presented by John Orndoff,(4) and all at
tempts to condense it having failed, we quote it verbatim with his 
permission. 

Theory 

The theory of the so-called "Ross i - a " experiment was first 
developed by Feynman, de Hoffmann, and Serber.'^) The presentation 
which follows is a single region, single group theory which is ap
plicable to small systems in which there is no wide spatial var ia
tion of neutron spectrum. 



In a m u l t i p l y i n g s y s t e m which is n e a r c r i t i c a l , n e u t r o n s a r e 
c o n t i n u a l l y p r o d u c i n g n e u t r o n s by f i s s ion , and d i s a p p e a r i n g by c a p 
t u r e and l e a k a g e . Ca l l ing TQ the m e a n life of a n e u t r o n inc lud ing 
a b s o r p t i o n and l e a k a g e and T£ the m e a n life for f i s s ion , the r a t e of 
change of n e u t r o n popu la t ion can be e x p r e s s e d a s the d i f f e r e n c e b e 
t w e e n the n e u t r o n ga in and l o s s t e r m s , 

dN _ _N_ vN_ 
dt " ' To Tf 

(1) 

w h e r e V i s the a v e r a g e n u m b e r of n e u t r o n s p r o d u c e d in f i s s i on . 
We a r e c o n c e r n e d only wi th p r o m p t n e u t r o n b e h a v i o r , h e n c e V, 
To, and T£ a r e the a p p r o p r i a t e v a l u e s for p r o m p t n e u t r o n s . We 
a l s o know tha t the r a t e of change of n e u t r o n popu la t ion is the n e u 
t r o n ga in p e r g e n e r a t i o n d iv ided by the n e u t r o n m e a n l ife, or 

^ = ^ ^ ^ N (2) 
dt To 

w h e r e K^ is the u s u a l p r o m p t n e u t r o n r e p r o d u c t i o n f ac to r . C o m 
p a r i s o n of ( l ) and (2) g ives us a use fu l e x p r e s s i o n for Kp. 

I n t e g r a t i n g (2) g ives 

N = N o e [ ( ^ - ^ ' A ° ] ' = N „ e " ' . (4) 

The a i s u s e d to r e p r e s e n t o v e r - a l l p r o m p t n e u t r o n t i m e b e h a v i o r 
of a s y s t e m and is n e g a t i v e be low p r o m p t c r i t i c a l and p o s i t i v e 
above [ a = (Kp - 1 ) / T O ] - The a v e r a g e b e h a v i o r of i nd iv idua l n e u t r o n 
c h a i n s i s a l s o d e s c r i b e d by Eq. (4). 

C o n s i d e r at t i m e t = 0 tha t t h e r e a r e NQ n e u t r o n s in a 
n e a r - c r i t i c a l s y s t e m . Then the p r o b a b l e n u m b e r of n e u t r o n s a t a 
l a t e r t i m e wi l l be g iven by Eq. (4). The p r o b a b l e n u m b e r of f i s s i o n s 
p r o d u c e d in dt at t i m e t i s 

dt „, a t dt , £ . • > 
d F = N = NO e -— . (5) 

Tf 'f 

The n u m b e r of r e s u l t i n g n e u t r o n s is dN = V d F , o r 

dN = VNQ e'^'^ -— . (6) 
*f 



Finally, the total number of neutrons produced as a result of NQ 
neutrons in the system at t = 0 is 

at AL -. """̂ P (7) vNo e""- ^;- = Tf 1 - Kp 

for K < 1. Adding to (7) the original NQ neutrons, the well-
known prompt multiplication of a chain-reacting system, 
l / ( l - Kp), is obtained. 

We wish to investigate the distribution in time of detector 
counts produced by a chain-reacting assembly. Precise ly , we 
would like to know the probability of a count in an interval of time 
dt at a time t following a count at t = 0. For a random source we 
know that this probability is 

P(t)dt = C dt . (C dt « 1) . (8) 

For a system in which neutrons originate from fission, we would 
expect P(t) dt to be increased by a chain-related term. Our aim is 
to obtain this chain-related probability. Let us consider the follow
ing sequence of events. A fission occurring at to in time interval 
dto is the closest common ancestor of detector counts at tj and tj 
in dtj and dtj. We desire the following probabilit ies: 

I. Probability of a fission at to in dto. 

II. Probability of a count at ti as a result of a fission 
at to. 

III. Probability of a related count at tj assuming the count 
at tl has occurred. 

IV. Combination of these probabilities integrated over all 
time to for occurrence of fission. 

I is just 

Fo dto (9) 

where Fo is the average fission rate in the system. As a conse
quence of (6), II can be written 

E . e ^ ( ' . - o ) £ ^ (10) 



where E is the detector efficiency in counts/fission. Similarly 
III is 

E(T. - 1) e-^('^ - 'o) i ^ (11) 
Tf 

for that part of the required probability due to branching from the 
fission at to, excluding the fork that produces the count at t,. We 
will later consider the fact that the fission producing the count at 
tl may itself be responsible for a count at ti- The final probability 
of a count at ti and a second count at tj from a common ancestor 
(not at tl) is obtained by integrating the product of I, II, and III over 
all time available for to, i.e., - «> < to < ti, and averaging over the 
distribution of neutrons emitted per fission. This probability is 
just EFo dti t imes the probability of a second count following a 
count at tl. Performing the integration for Kp < 1, 

F O E M V - 1 ) K ^ a ( t 2 - t i ) ^ ^ , , , ^ 
EFodt, P(t2)dt^ = -^ ^ e ' ' dt, dtj . (12) 

Zv^{\- Kp)To 

Reckoning time from t, = 0 and including the chance coincidence 
probability gives us 

Ev(v - l )Ko 
P(t)dt = Cdt -t- e"' ' dt . (13) 

Zv'-il- Kp)T, ' 0 

We must cor rec t (13) by considering the fission producing the count 
at t = 0, and the effect of its detection on the probability of a count 
at t. Let us introduce 6 as the effective number of neutrons r e 
sulting from this fission and detection process at t = 0. Since de
tection may involve capture, scattering, or fission, 6 will depend 
upon the type and position of detector and must be evaluated for a 
par t icular experimental setup. The correct ion to (13) will at most 
be a few per cent and 6 need not be evaluated precisely. The prob
ability that the fission and detection process at tj will resul t in a 
count at t2 is 

E6e '^ ' — . (14) 

Adding (14) to (13) is equivalent to replacing v(v - l) with 

2 v( 1 - Kp) , ^ 
v(v- 1) + j j ^ 6 in (13) . 
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Experimentally one supplies delayed coincidence channels 
of finite width At, which should be some fraction of To/(l - Kp) m 
order to assure good resolution of the chain decay. Strictly speak
ing, P(t)At is the expected number of counts in an interval At at a 
time t following a count at t = 0. Equation (13) has some inter
esting implications. The delayed coincidence counting rate is 
CP(t)At. Thus, the chance coincidence rate var ies as C while the 
chain term varies as C, and there exists an optimum fission rate 
for the collection of data. In a "slow" or nea r - the rma l system 
lower fission rates than for "fast" assemblies a re necessa ry in 
order to prevent overlapping of chains, and consequently higher 
detector efficiency is required. The chain-related counting ra te 
depends only on the average number of fissions in the chains and 
their repetition rate (assuming in each case that enough channels 
are used to cover essentially the entire chain length), while the 
random counting rate depends directly on the channel width At and 
the fission rate. 

Evaluation of the coefficient of the exponential t e rm in (13) 
provides a relationship between parameters associated with fission
ing assemblies in addition to (1 - Kp)/To established by the a m e a s 
urement. Although K can be estimated to within a fraction of a 
per cent and accurate information now exists for V and v(v - 1) 
at various neutron energies (2,3), the chamber efficiency E is dif
ficult to obtain precisely. Explicit values for (l - Kp) and To from 
Rossi -a measurements alone thus depend on the accuracy with 
which E can be established. 

A more general development of the theory may be found in Mathes.(25) 

III. FACILITIES AND EQUIPMENT 

A. ZPR-III 

The Zero Power Reactor III in which most of these measurements 
were made is shown in Fig. 1. It has been described in detail in ANL-6408 
and elsewhere.(D' '^ It consists of two parts which are assembled by 
moving one half against the other. Each half contains a matr ix of 
961 square tubes (31x31) about 33 in. long and slightly over 2 in. in inside 
dimensions. Two sets of matr ix tubes are available, aluminum and stain
less steel, the latter normally being used. 

Drawers (see Fig. 2) are loaded with plates of various mater ia l s 
and inserted in the matrix to form a cr i t ical assembly with regional com
position as required to represent the reactor configuration being studied. 
A wide variety of materials is available, and both aluminum and steel 
drawers are available, the latter normally being used. 
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Fig. 1. General view ol ZPR-III in shutdown condition (halves apart). 

Fig. 2. Typical loading of a core drawer for ZPR-III. 
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B. D e t e c t o r s 

The p r i m a r y c o n s i d e r a t i o n in the use of d e t e c t o r s is tha t of high 
s ens i t i v i t y . The m a j o r i t y of the da ta r e p o r t e d h e r e w e r e ob ta ined wi th 
B '^F j - f i l l ed p r o p o r t i o n a l c o u n t e r s ; * however , l a r g e U " ' - l o a d e d f i s s i o n 
c o u n t e r s a r e s a t i s f a c t o r y in the s m a l l e r s y s t e m s . As a r u l e of t h u m b , we 
r e q u i r e s e n s i t i v i t i e s of a t l e a s t 1 0 " ' counts p e r f i s s i on in the t o t a l s y s t e m . 
The p r e f e r e n c e for p r o p o r t i o n a l c o u n t e r s is due to the fact tha t a d e q u a t e 
s ens i t i v i t y can be obtained in l e s s vo lume and, h e n c e , w i t h l e s s p e r t u r b a 
t ion of the s y s t e m being m e a s u r e d . A fu r the r a d v a n t a g e is tha t the l a r g e 
s igna l ava i l ab l e r e d u c e s p r o b l e m s a s s o c i a t e d wi th e l e c t r o n i c n o i s e . 

C. A m p l i f i e r s 

The a m p l i f i e r s used with the t i m e a n a l y z e r s in t h e s e e x p e r i m e n t s 
a r e not c r i t i c a l if two channe l s a r e used , one to s t a r t , the o t h e r to s t op 
the t iming cyc le . We c u s t o m a r i l y use a conven t iona l type such a s the 
Oak Ridge A- 1 in one of the m a n y c o m m e r c i a l v e r s i o n s , a l though we have 
f rom t i m e to t i m e t r i e d m o r e m o d e r n , h i g h - p e r f o r m a n c e t y p e s . In g e n 
e r a l , the o lder type is e n t i r e l y adequa te in p e r f o r m a n c e , b e s i d e s of fer ing 
s tab i l i ty and g r e a t e r r e l i ab i l i t y . 

D. T ime A n a l y z e r s 

Two different t i m e a n a l y z e r s (delayed c o i n c i d e n c e a n a l y z e r s ) w e r e 
used in th is work . The Argonne T A - 1 5 , a n i n e - c h a n n e l m a c h i n e hav ing 
channe l widths of 1, 2 or 4 fisec, was used in a l l but a few of the s y s t e m s . 
The TA-16 , which has 20 channe l s with wid ths r a n g i n g f r o m 5 to 250 / i s ec , 
was used in s y s t e m s having s lower d e c a y c h a r a c t e r i s t i c s . The d e t a i l e d 
ope ra t ion of these a n a l y z e r s is given in Appendix I. 

IV. P R O C E D U R E 

It is c u s t o m a r y to m a k e s e v e r a l r u n s on e a c h a s s e m b l y a t v a r y i n g 
power l eve l s . The neu t ron d e t e c t o r s a r e u s u a l l y d i s p o s e d n e a r the c e n t e r 
of the c o r e but g e n e r a l l y not in ad jacen t d r a w e r p o s i t i o n s . As wi l l a p p e a r 
l a t e r , the exac t pos i t ion is not i m p o r t a n t for the m e a s u r e m e n t of a. F o r a 
typ ica l run, the r e a c t o r power m u s t be held c o n s t a n t a t a few m i l l i w a t t s 
or l e s s , the exac t va lue being u n i m p o r t a n t . Th i s i s u s u a l l y a c c o m p l i s h e d 
by wi thdrawing r e a c t i v i t y unt i l the r e a c t o r is s l i gh t ly s u b c r i t i c a l . The 
mu l t i p l i ca t i on of the spon taneous n e u t r o n s (usua l ly f r o m U " ^ c o n t a i n e d 
in the c o r e ) is sufficient to m a i n t a i n the d e s i r e d p o w e r . It is i m p o r t a n t 

*e.g. , N. Wood, 1 x 24- in . s e n s i t i v e v o l u m e , 60 c m Hg of B ' ^ F j . R e c e n t 
r e s u l t s with He^ c o u n t e r s (e .g . , T e x a s N u c l e a r C o r p o r a t i o n , 1 x 4 - i n . 
s ens i t i ve vo lume , 10 a t m p r e s s u r e ) i nd i ca t e tha t the l a t t e r a r e m u c h 
to be p r e f e r r e d . 
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that Akp be known for each run so that the value of a may be extrapolated 
to delayed cr i t ical . A further discussion of the experimental details is 
given in Appendix I. 

We do not make use of the information contained in the zero time 
intercept of the decay curve. In principle, this could be used to evaluate 
Akp, but in practice the uncertainties of determining E, the absolute 
counter efficiency, make it both laborious and of dubious reliability. 

V. GENERAL RESULTS IN SIMPLE SYSTEMS 

A. Experimental Data 

In Table I "we list all the cri t ical systems measured which 

1. had only one core composition, and 
2. had no moderating mater ia l in the reflector. 

The tabulation includes the Rossi-alpha values for delayed cri t ical , 
the estimated effective delayed-neutron fraction (i3eff), the value inferred 
for the prompt-neutron lifetime, and descriptive data for each system. 
The Pgff values a re from calculations by Meneghetti, V ^2) except for 
Assemblies 12, 17, and 14, which were calculated by G. Fischer .^ ' ' ' * 

Figure 3 i l lustrates a typical system of this group. Since the 
theory previously quoted "is a single region, single group theory which is 
applicable to small systems in which there is no wide spatial variation of 
neutron spectrum," there may be some question as to whether it is ap
plicable to large reflected systems. In what follows, it appears reasonable 
to infer that the theory is applicable to this a r r ay of cr i t ical sys tems. This 
will be discussed further after presentation of experimental resul ts . 

The uncertainties attached to the measured alphas in Table I are 
est imates of the quality and reproducibility of data based on a number of 
runs. In this connection, we note that Assembly 22, studied in April 1959, 
was to be a duplicate of Assembly 11 built 15 months ear l ier . However, 

*It may appear strange that the effective P should remain so nearly con
stant while the concentration of U^ in the core, and hence the absolute 
/3, is changing considerably. It is true that as more U^^' is added in 
the core the absolute value of P does increase with the contribution 
of the larger delayed-neutron fraction in U^ However, as more fis
sions occur in U" , the relative worth of delayed neutrons decreases , 
since they are born with an energy less than the threshold energy for 
U " ' fission. These two effects very nearly cancel each other for a 
wide range of uranium enrichments. 
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Assembly 

Number 

3 

5 

6F 

7H 

9 

10 

13 1 

12 

14 

22 

23 

23A 

Approximate 
Dale 

Apr i l 1956 

Apr i l 1956 

Jan 1957 

Dec 1956 

Sept 1956 

Jan 1958 

Apr i l 1958 

Measured 

Alpha 

-8.0 ± 10 * 

-7.5 ± 4 * 

-9,4 ± 3% 

-8.80 ± 3 * 

-10.7 ± 2% 

-9.37 ± 2% 

Feb 1958 -7.02 ± 2% 

Feb 1958 -5.24 ± 4» 

Feb 1958 -3.98 ± 3% 

Apr i l 1959 -9.90 ± 3» 

June 1959 -5.63 ± 2* 

-5.90 ± ?» 

I 25 I Nov 1959 

31 Jan 1961 

30 Dec 1960 

j tt March 1960 

33 M a r c h 1960 

34 April I96I 

1 35 OctI96I 

-9.00 ± 2 * 

-4.35 ± 3% 

-4.07 ± 2S 

-3.10 ± 2 « 

Neutron 
Fsl iTf l t "^ f f fo r t iu f 

Delayed-neulron ^^^,^„,„„, 

0.0073 

0.0073 

00073 

0.0073 

O0073 

0.0073 

00074 

O0075 

00075 

O0073 

0.0068 

00068 

00073 

O0073 

00073 

O0073 

O0073 

-5.38 ± 2% 0.0068 

-5.45 ± » 0.0068 

-2.96 ± 3% 0.0073 

-1.60 ± 3% 0.00665 

I 36 1 June I96I I -9.36 ± 3% 

41 Oct 1962 . -5.55 ± 3% 

AFSR -36.5 ± 3% 

( JEMIMA 1 1 -17.5 ± 5% 

TOPSY j I -38.2 

POPSY -22.9 j 

23 Flattop j I -27.1 

0.0073 

1 0.0073 

0.0068 

0.0073 

00069 

000277 

000355 

ZEUS 1 -W.O ± 1 * " • ' " '73 

ZEBRA I -10.3 ± 3 * | 0.0073 

T„lel 

9.1 

9.7 

7.7 

8.30 

6.82 

7.79 

7.08 

— 
10.5 

14.3 

18.7 

Lifetime {sec x 10^1 

Calculated Ratio 

T „ l c l 

7.10 

4.50 

5.69 

4.95 

5.11 

8.08 

10.4 

14.4 

13.1 

7.38 1 

12.1 9.70 

11.5 

8.49 6.15 

8.11 j 6.21 

16.8 13.2 

17.9 14.0 

17.5 

1 10.2 

9.89 

16.9 

I 34.3 

-

i 

5.63 

9.49 

Tolel/To(c 

1.37 

1.72 

1.44 

1.38 

1.39 

1.30 

1.37 

1.30 

117 

1.27 

1.38 

1.30 

1.27 

1.28 

1.35 

1.24 

1.26 

1.46 

1 2 1 

1.38 

1.38 

- V 
1%) 

15.8 

15.8 

15.8 

15.9 

18.2 

15.8 

17.5 

13.3 

11.7 

9.45 

8.20 

17.2 

9.35 

9.35 

15.7 

15.3 

6.82 

6.93 

6.08 

9.36 

9.37 

5.82 

4.12 

14.9 

9.19 

78 

25.5 

94 

-115 

-150 

1 I 14.6 

17.6 

Critical Mas 
(Net kg u235 

176.9 

159.5 

131.1 

492 

1518 

155.8 

138.6 

240.5 

176.8 

1565 

1361 

431.5 

243.7 

258.1 

245.9 

4607 

581.6 

463 

395 

420.7 

227.5 

238 

503 

457.5 

242.7 

490 

21.1 

II2.5 

17.4 

5.8 

5.6 

206 

228 

Core 
Volume 
(lilersi 

75.8 

61.5 

102.1 

5.47 

69.45 

70.5 

52.85 

135.2 

10O.3 

88.5 

77.4 

370.5 

138.0 

148.6 

141.8 

3308 

435.3 

424.9 

356.5 

453.6 

130.8 

136.8 

574.6 

599.5 

137.8 

4418 

93.3 

125.6 

Measured Spectral 

1 ndjces 

0.074 

0.070 

0119 

O051 

0044 

0.072 

0.035 

0.044 

O049 

0.055 

0.038 

0.036 

0068 

0.028 

0.029 

O044 

O043 

O036 

0.045 

0.048 

0.034 

0031 

O 0 4 I 

- 0 . 0 5 5 

0.56 

0.43 

O60 

0.43 

031 

0.44 

030 

0.29 

O30 

0.30 

029 

030 

0.40 

025 

025 

033 

0.30 

026 

037 

0.37 

025 

0.23 

0.31 

Table 1 

THE CRITICAL SYSTIMS STUDIED 

Core Dimensions 

- Diameter Length 

(cml (cml 

See Figure 

58.0 Sphere 

1 
See Figure 

465 

44.2 

40.6 

58.0 

5 2 7 

49.5 

46.3 

77.5 

58.7 

60.9 

59.5 

769 

85.2 

90.4 

82.8 

90.0 

52.2 

53.4 

92.0 

91.3 

4 0 8 

45.9 

40.8 

51.0 

45.9 

45.9 

45.9 

78.6 

51.0 

51.0 

51.0 

71,3 

76.3 

66.2 

66.2 

71.3 

61.1 

61,1 

86,4 

91.6 

49.6 71.3 

83.1 81.5 

See Figure 

38.4 32.4 

12.1 Sphere 

8.94 Sphere Pu 

8.4 Sphere u233 

47.2 

57.4 

53.4 

48.58 

U235 

14.0 

14.0 

14.0 

5O0 

11.7 

n .85 

14.0 

9.51 

9.40 

9.42 

9.38 

6.09 

9.42 

9.27 

9.27 

7.57 

7.12 

5.81 

5.92 

4.97 

9.26 

9.27 

4.67 

4.09 

9.37 

5.96 

16.2 

94 

12.5 

9.70 

U238 

15.9 

15.9 

15.9 

3.6 

38.0 

57.9 

15.9 

71.7 

35.3 

20.6 

067 

19.0 

7 0 1 

0.67 

0.67 

7 2 9 

74.0 

9.14 

9.06 

9.97 

0 6 7 

0 6 7 

10.3 

0.29 

49.51 

29.1 

83.8 

6 

19.2 

71.5 

Core Composition tv/ol 

Stainless ^ i ^ ^ i „ „ 
Steel 

12.1 

12.3 

12.3 

12.6 

15.0 

19.3 

11.7 

9.16 

9.18 

9.18 

9.18 

14.3 

9.3 

9.16 

9.16 

9.33 

9.28 

24.5 

24.6 

24.7 

81.0 

63.6 

24.6 

46.2 

12.7 

14.1 

25.5 

6.68 

31.0 

31.4 

31.4 

11.6 

21.6 

30.4 

25.1 

42.8 

42.8 

23.5 

23.4 

24.4 

25.5 

17.9 

13.6 

Carbon 

36.8 

52.6 

73.6 

10.6 

Olher 

r Mo 5.03 
1 Zr 4.32 

Oxygen 7.2 

Oxygen 14.5 

Na 18.2 

/Na 30.8 
lFe2a3 7.1 

Na 18.2 

End 

(cml 

Radial 

(cml 

See Figure 

See Figure 

40.6 Spherical 

Shell 

See Figure 

35.6 

33.0 

30.4 

30.5 

35.6 

33.0 

304 

30.5 

33.0 33.0 

33.0 33.0 

See Figure 

30.5 

30 

30 

30.5 

30.5 

33.0 

30.0 

27.7 

30.5 

30 

30 

33.7 

40.8 

27.5 

30.0 

31.1 

45 45 

45 45 

20.3 20.3 

See Figure 

35.5 

31.2 

7.6 

22.9 

24.1 

- 2 3 

30.48 

35.0 

33.4 

7.6 

- 7 0 

34.12 

U235 

0.19 

019 

019 

0.19 

0.19 

0.19 

0.19 

019 

019 

019 

019 

0.19 

0.19 

0.19 

0.19 

0.19 

019 

0.19 

0.19 

0.19 

0.7 

0.7 

0.7 

0.7 

0.4 

0.6 

Blanket Composition 

„ o Stainless 

" " ^ Steel 

83.3 

83.3 

83.3 

83.3 

83.3 

83.3 

83.3 

83.3 

83.3 

83.3 

83.3 

83.3 

83.3 

83.3 

83.3 

83.3 

83.3 

83.3 

83.3 

99.3 

99.3 

99.3 

99.3 

- 6 0 

85.4 

7.3 

7.3 

7.3 

7.3 

7.3 

7.3 

7.3 

7.3 

7.3 

7.3 

7.3 

7.3 

7.3 

7.3 

7.3 

7.3 

A l u m i n u m 

2.27 

2.27 

7.3 

7.3 

- 1 0 1 - 3 0 

5.66 
1 

Refer to 

F igure 

Number 

6 

7 

5 

8 

5 

5 

3 

5 

5 

5 

12 

5 

5 

5 

5 

5 

5 

5 

5 

5 

9 

5 

5 

10 

1 5 
5 

5 

5 

5 

5 

Reference 

8 

8 

8 

8 

8 

8 

11 

8 

8 

8 

8, 10 

10 

10 

10 

10. 11 

10, 11 

10 

10 

10 

10 

10, 11 

11 

Number 

3 I 
5 

6F 

7H 

9 1 

10 

13 

11 

17 

14 

20 

23 

23A 

24 

31 

30 

29 

33 

34 

35 1 

11 1 36 1 

11 4 1 

13 AFSR 

19 1 JEIWIMA 1 

15 TOPSY 

15 P O P S Y 

1 15 1 23 Flattop 

16 

1 ^ 
ZEUS 

1 ZEBRA 1 
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BLANKET 

CORE 

ASSEMBLY NO. 11 
CYLINDRICAL 

Core Length 
End Blanket Thickness 
Critical Mass 
R, = 
Rz = 

50.978 cm 
30.48 cm 
240.55 kg 
63.58 cm 
29.01 cm 

Composition (v/o) 

Core 
Blanket 

235 
9.51 
0.186 

238 
71.72 
83.26 

Fig. 3. An example of a simple assembly; one core 
composition, one blanket composition. 

due to a slightly different drawer loading, Assembly 22 turned out to have 
a somewhat less dense core and the cri t ical mass was 243.7 kg as com
pared with 240.5 kg in Assembly 11. The alpha measured with Assembly 11 
was 10.3 X 10'' s ec" ' (±3%) and in Assembly 22 was 9.90 x lO* sec" ' (± 3%). 
These resul ts a re in good agreement, since the denser core of Assembly 11 
would be expected to have a slightly larger alpha. Further, it is encour
aging to note the interlaboratory agreement between Assembly 11 and 
Zebra I (an approximate duplicate recently constructed at Winfrith Heath) 
and between AFSR and TOPSY (at Los Alamos). 

The basic delayed-neutron data have an uncertainty of ~4% for U 
We assign an uncertainty of ~5% to the values quoted for ^eff- However, 
the relative uncertainty of one (3 as compared with another is perhaps 3%. 
The prompt-neutron lifetimes given in the table typically have an absolute 
uncertainty of ~6% and an uncertainty of ~4% relative to each other. 
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The d i s c r e p a n c y be tween s o m e of t h e s e l i f e t i m e s and the p r e l i m i 
n a r y va lue s r e p o r t e d by Brunson^^/ a r e due to m o r e c a r e f u l r e - a n a l y s i s 
of e x p e r i m e n t a l data and to b e t t e r v a l u e s of /3 ef fec t ive . 

In an effort to s y s t e m a t i z e the l i f e t ime r e s u l t s , we have in F ig . 4 
plot ted l i fe t ime aga ins t U* w h e r e 

U + 
235 / ' 'zsf 

Volume F r a c t i o n U"^ +{-;— (Volume F r a c t i o n U ) 

c e n t r a l 

238 ^ _ , T 2 3 5 The quantity(a^gf/a^jf) is the U " ' to U"^ f i s s ion r a t i o a t the c o r e 

c e n t e r . 

I I 11 I I 1 1 1 1 I I I I I I 

34, 

n30 o'« 

" ° 3 ^ ° 3 
23A Ol2 5 

I 1 1 1 1 1 — I I I 
0.04 007 010 020 040 0,70 1,0 

U'.IVOLUME FBACTION U"») » p " ' (VOLUME FRACTION U"«l 

Fig . 4. A c o r r e l a t i o n of p r o m p t neu t ron l i f e t imes with 

U* = Volume F r a c t i o n 
of U^" 

°Zii 

^25i 

Volume F r a c t i o n 
of U"« 

This is quite r e a s o n a b l e (on a o n e - g r o u p b a s i s ) s ince , f rom Eq (3) 

•̂ 0 = •̂ f K p A 

Hence , 

To •= T£ 
2f 
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and 

Volume Fraction U"= + ( ^ ^ ) (Volume Fraction U" ' ) 
V°25f/ 

However, it was found that a more useful relationship (see Fig. 5) 
could be obtained when lifetime was plotted against the empirical parameter : 

Volume Fraction U 
1 (Volume Fraction U^ 

That this parameter is effective is demonstrated by the fact that its use 
systematizes cr i t ical systems of widely divergent core composition and 
size. For example. Assembly 32 and Assembly 41 had very similar life
t imes; these a re plotted near each other, although the first had only steel 
and 93% enriched uranium in the core whereas the latter had almost five 
t imes as much U " ' as U"^. Similarly, Assemblies 13 and 25 had similar 
lifetimes, which are plotted near each other, although they differed by a 
factor of four in cri t ical mass of U"^; Assembly 13 had an effective ura
nium enrichment of 48% whereas the enrichment of Assembly 25 was less 
than 9%. 

0 04 0 07 0 10 0 20 0 40 0 70 10 2 0 

V"'(VOLUME FRACTION u " ' ) • 179 (VOLUME FRACT(0N u"« l 

Fig. 5. A correlation of prompt neutron lifetimes with 

Volume Fraction 
of U 235 9 

Volume Fraction 
of U " ' 
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In Fig. 5 two solid trend lines intersecting at V* = 0.09 have been 
drawn through the data points. The left-hand trend line corresponds to 
the equation 

To (in shakes) = 0.37 (V*)"''^' 

and the right-hand trend line to the equation 

To (in shakes) = 1.35 (V*)""' ' ' 

B. Discussion of Specific Assemblies 

1. Assembly 3 

Assembly 3 was the first for which Ross i -a was measured; 
the values of a are uncertain by perhaps 10%. In view of the annular core 
geometry with a light inner blanket (see Fig. 6), it is quite reasonable to 
find a lifetime longer than is indicated for this core composition. This 
configuration would permit neutrons to be scattered in and through the 
low-density blanket with relatively less probability of fatal encounters, 
thereby increasing the average lifetime. 

OUTER BLANKET 

ASSEMBLY NO. 3 
CYLINDRICAL 

Core Length 
End Blanket Thickness 
Critical Mass 
Rl = 
Rz = 
R j = 

Core 
Central Blanket 
Outer Blanket 

40.797 cm 
30.48 cm 
176.905 kg 
60.3 cm 
24.33 cm 
8.53 cm 

Composition (v/o) 

235 
14.18 
0.08 
0.186 

238 
15.88 
39.66 
83.26 

Al SS 
30.97 12.11 
24.56 7.31 

2.27 7.31 

CORE 

Fig. 6. Assembly 3 had a low density central blanket 

2. Assembly 5 

Assembly 5 was the second for which Ross i -a was measured 
Of all the assemblies measured, it differs the most inexplicably. A r e 
calculation based on the original data has not improved the situation Al
though Assembly 5 had a light blanket next to the core (see Fig. 7), it 
seems unlikely that this would cause so wide a discrepancy. The a indi
cated is estimated to have an uncertainty of at least 5%. 



19 

HIGH DENSITY BLANKET 

LOW DENSITY 
(COARSE) 

CORE 

LO* DENSITY 
(FINE) 

ASSEMBLY NO. 5 
CYLINDRICAL 

Core 
L.D. 
L.D. 
H.D. 

Core Length 
End Blanket Thickness 
Critical Mass 
Ri = 
R; = 
R, = 
R, = 

Blanket (Fine) 
Blanket (Coarse) 
Blanket 

235 
14.00 
0.08 
0.09 
0.186 

40.64 cm 
35.56 cm 
159.5 kg 
62.48 cm 
41.55 cm 
33.50 cm 
20.65 cm 

Composition (v/o) 

238 
15.86 
39.62 
41.30 
83.26 

Al 
31.44 
24.33 
25.43 

7.31 

SS 
12.31 
7.31 
7.31 
7.31 

Fig. 7. Assembly 5 had a low density blanket 
next to the core. 

3. Assembly 7H 

Assembly 7H, a mockup of the EBR-I (Experimental Breeder 
Reactor I), Mark-Il l Core, was a small complex system having a low-
density blanket as compared with the standard blanket density found in 
most of these systems (see Figs. 8a and 8b). If. indeed, the low-density 
blanket was the source of even a part of the discrepancy for Assembly 5, 
it would be at least equally important in the case of this small core. 

4. Assemblies 12, 17, and 14 

These three assemblies fall on a line diverging from the gen
e ra l trend line (see Fig. 5), which requires some explanation. These 
systems were derived from Assembly 11 by substitution of increasing 
amounts of graphite for depleted uranium. The drawers in Assembly 11 
(see Fig. 3) were loaded with two columns of enriched uranium and 
14 columns of depleted mater ial . For Assembly 12, seven of the depleted 
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columns were replaced with graphite. For Assembly 17, three more (a 
total of ten) depleted columns were replaced with graphite. For As
sembly 14, all depleted uranium was replaced by graphite. Hence, it is 
entirely reasonable that this particular set of cores should diverge from 
the general trend typical of al l -metal systems. 

CORE 

INNER 
BLANKET 

OUTER 
BLANKET 

ASSEMBLY 7H 
CYLINDRICAL 

STRUCTURE 
PLUS 
NoK 

^ 

PLENUM 

Compos i t ion (v /o) 

C o r e 
Inner Blanket 
P l e n u m 
Cup 
S t r u c t u r e + NaK 

235 
50.0 

0. 1 

238 
3.6 

49.6 

0.19 82.2 

Al 
11.6 
11.5 
18.7 
2.6 

22.2 

SS 
12.6 
17.5 
47.9 

7.3 
49.2 

INNER BLANKET 

CORE 20.3cm. 

-9.1cm. 

24.4cm. 

20.3 cm 

7.6cm 

30.5cm. 

1 
OUTER 

BLANKET 

21.6cm. 

11.4cm. 

J. 

38.1cm. 

50.8cm. 

- 47.0 cm. 

ASSEMBLY 7H 
V E R T I C A L 

(a) (b) 

Fig. 8. Assembly 7H was an approximate mockup of EBR-I. 
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ASSEMBLY 3 5 

CYLINDRICAL SYMMETRY 

R, 88 0 cm 

H j 7 0 4 6 t m 

R3 S3 Icm 

R4 50.5cm 

R5 45 64cm 

J 

267cm 

7,54 cm 
•H 17.4cm. 

laScm 

7,6cffi. 

7.6 cm 

IftScm 

10.2cm 

1 

CYLINDRICAL SYMMETRY ftBOuT THIS | . 

H O R I Z O N T A L S E C T I O N T H R O U G H A S S E M B L Y 3 5 

A T D R A W E R P 

A-CORE 

B - A X I A L FINE BLANKET 

C-RADlAL FINE BLANKET 

0 - A X I A L MEDIUM B L A N K E T " l 

E - a x i A L MEDIUM BLANKET ' 2 

F - R A D L A L M E D I U M B L A N K E T ' \ 

G - R A O I A L M E D I U M B L A N K E T " 2 

M - R A D I A L C O A R S E B L A N K E T 

N i - N . REFLECTOR 

Fig. 9. 

(a) (b) 

Assembly 35 was a mockup of the Enrico Fermi 
Fast Breeder Reactor, Core B. 

5. Assembly 34 

The core of Assembly 34 also contained graphite, although in 
much smaller concentration than in Assemblies 12, 17, and 14. The small 
amount of graphite together with the diluteness (hence soft spectrum) r e 
sulted in a lifetime which does not seem to differ greatly from that ex
pected for this particular V*. 

6. Assemblies 23 and 23A 

Core drawers for Assembly 23 were filled with 14 columns of 
low-density aluminum and 2 columns of enriched uranium, the uranium 
columns being separated by 8 columns (1 in.) of the aluminum. The meas 
ured lifetime was 12.1 shakes, and the cri t ical mass was 258.1 kg of U" ' . 
After the drawer contents had been rearranged to give the configuration 
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of Assembly 23A (same composition, but with the two uranium columns 
together in the center of the drawer), the lifetime was measured as 
11.5 shakes and the crit ical mass was 245.9 kg. This amounts to a reduc
tion of ~5% both in the lifetime and in the cr i t ical mass . These two life
t imes have an uncertainty relative to each other of about 2%, so that by 
themselves the difference between the two lifetime values obtained is not 
highly significant. However, when supported by a very significant change 
in the cri t ical mass , it is very probable that the lifetime was c o r r e s 
pondingly affected by the rearrangement of the plates. Qualitatively, 
bringing the two columns together increases the apparent macroscopic 
fission cross section seen by a fission neutron and resul ts both in a lower 
cri t ical mass and a shorter prompt-neutron lifetime. 

7. JEMIMA 

JEMIMA, a Los Alamos cri t ical assembly, ' "̂̂ ^ consisted of a 
stack of circular uranium plates (pancakes), each 38.4 cm in diameter . 
The plates were alternately natural uranium, 1.5 cm thick, and 93% en
riched uranium, 0.3 cm thick. The whole was reflected by 7.6 cm of 
natural uranium. The reported R o s s i - a is -1.75 x 10 ± 5%. 

If we estimate the effective delayed-neutron fraction as 0.0073, 
then the prompt-neutron lifetime is 4.2 shakes, a value that is seen from 
Fig. 5 to fall off the general trend. There a re two factors which may con
tribute to the discrepancy: first, the systems with which JEMIMA is being 
compared were all reflected with much thicker blankets of somewhat lower 
density. In this case, it would appear likely that neutrons entering the 
blanket would either be reflected more quickly into the core or leaked 
more quickly from the system, both effects tending to shorten the average 
lifetime. Secondly, if inhomogeneity in so transparent a medium as low-
density aluminum is as important as indicated by the comparison of 
Assemblies 23 and 23A above, the discs of enriched uranium in JEMIMA 
sandwiched between the thick pieces of natural uranium would probably 
show equal or greater effect. In view of both of these factors the d i sagree
ment with other assemblies does not seem serious. 

8. AFSR (Argonne Fast Source Reactor) 

Reasonably good data were obtained with AFSR, although it 
was necessary to correct for near - thermal neutrons returning to the r e 
actor from the concrete biological shield. The uncertainty shown in the 
horizontal coordinates is due to the fact that AFSR has s t ructure and an 
air-cooling annulus adjacent to the core (see Fig. lO). These factors 
make it difficult to assign a definite V* for the core. 
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Fig. 10. Argonne Fast Source Reactor (AFSR) 

9. TOPSY 

TOPSY, a high-density uranium metal cri t ical assembly, has 
been described many times in the l i terature.(4. 15) The configuration of 
interest here was a pseudo-sphere formed of -j- -in. cubes of 93% enriched 
uranium inside an approximately infinite reflector of natural uranium 
metal . 

10. POPSY and 23 FLATTOP 

POPSY and 23 FLATTOP were spherical, dense metal systems 
of plutonium and U^̂ ,̂ each of about 6 kg of fuel with an essentially infinite 
reflector of natural uranium.(15) In these two cases , V* was obtained by 
calculating the volume per cent of U"= required to give the same macro 
scopic fission cross section as the fuel. 
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C. Comparison with Calculated Lifetimes 

The calculated lifetimes tabulated in Table I are those of 
W. G. Davey.(l8) As indicated, the ratio of experimental neutron lifetime 
to calculated neutron lifetime averages about 1.3. Davey obtains s imilar 
resul ts in comparing measured boron-10 reactivity coefficients with cal 
culated boron-10 reactivity coefficients. The similari ty in these d i s 
crepancies is clearly shown in Fig. 11. Since both of these pa ramete r s 
reflect l /v weighting of the neutron spectrum, there is a strong indication 
that calculated spectra are much too hard. 

-

-

-

-

-

l l l l 

35 

41 

20 29 •!! 
'I ' .36 

'.' .25 • « 
32-

• 23 

l l l l 

1 

+ 34 

1 

-

-

-

-

-

Fig. 11 

A comparison of d iscrep
ancies in calculation of 
lifetimes and boron-10 
reactivity coefficient 

RiTin /EXPERIMENTAL L IFETIML ' \ 
VCALCULATED LIFETIME } 

VI. SPATIAL DEPENDENCE OF COINCIDENT PROBABILITY 

The measurements made with Assembly 20 (mockup of PRDC 
Enrico Fermi Core A, see Figs. 12a and 12b), in addition to those deter
mining lifetime, were designed to answer two questions: 

1. Does a vary with counter position? 

2. Does the position of the terminating counter with respect to 
initiating counter affect the total probability of detecting a 
chain related neutron? 

Referring to Fig. 13, each of the thirteen runs made is represented 
by an arrow running from the location of the initiating counter to the loca
tion of the terminating counter. The terminating counter was a bundle of 
four B F3 proportional counters connected in parallel. 
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Fig. 12. Assembly 20 was a mockup of the Enrico Fe rmi 
Fast Breeder Reactor, Core A. 
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Graphical summary of counter runs in 
Assembly 20. Each arrow represents a 
run; the tail of the arrow at the loca
tion of the initiating counter and the 
point at the position of the terminating 
counter. 

The a n s w e r to the f i r s t ques t ion is that no s ign i f i can t d i f f e r ence in 
a lpha was o b s e r v e d for any of the coun te r a r r a n g e m e n t s . Th i s conc lus ion , 
however , is not val id for some mixed s y s t e m s , a s d i s c u s s e d in Sec t ion VIII. 

The second ques t ion is m o r e i n t e r e s t i n g . The to ta l a r e a u n d e r the 
p robab i l i ty cu rve is the p robab i l i ty that , if a n e u t r o n is d e t e c t e d by the 
in i t ia t ing coun te r , a c h a i n - r e l a t e d neu t ron wi l l be o b s e r v e d by the t e r 
mina t ing coun te r . In F ig . 14 we have plot ted t h e s e p r o b a b i l i t i e s for r u n s 7 
through 13 as a function of the pos i t ion of the t e r m i n a t i n g c o u n t e r . The 
r e l a t i v e flux of each at t he se pos i t ions is a l s o shown. 

Fig. 14 

Comparison of integrated 
coincident probability with 
flux as a function of radial 
distance. 
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The observed ratio of probability to flux is constant within experi
mental uncertainty as indicated by the tr iangles. Thus it is indicated that the 
spatial distribution of this probability is independent of the position of the in
itiating counter and is proportional to the flux seen by the terminating counter. 

VII. MIXED SYSTEMS 

A. Assembly 42 

Assembly 42 was a two-fuel region system, as shown in Figs. 15a 
and 15b. Its purpose was to test the possibility of analyzing the nuclear 
behavior of very dilute cores by placing a sample region of the low-
reactivity test core composition inside a "driver" annulus of greater r e 
activity. In this test core the sample composition was identical with the 
core composition of Assembly 34, which had already been examined in 
full-scale cr i t ical systems. 

ASSEMBLY 42 
CYLINDRICAL SYMMETRY 

Composition (v/o) 

33lcm! OUTER BLANKET 

9.7cm-

l.3cfTv—• 

__1. 

— 433cni.—J 

AXIS OF -*" 
CYLINDER 

Core 
Filter 
Driver 
Radial Inner 

Blanket 
Outer Blanket 
Axial Blanket 

235 
50.4 
0.17 
9.29 

0.17 
0.17 
0.17 

238 
11.0 
80.1 

6 .54 

83.0 
83.1 
82.3 

SS 
22.6 

6.94 
28.6 

9.06 
7.31 
9.26 

Al 
25.6 

C 
12.5 

33.lem. 

0.021 

ONE HALF 
ASSEMBLY 42 

OTHER HALF SYMMETRIC 

(a) (b) 

Fia 15 Assembly 42 had two fast regions. It was designed to test the feasibility of doing experiments 
on a dilute core composition surrounded by a more reactive "driver-region. 
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Runs were made with three counter ar rangements : 

Alpha at Delayed Crit ical 

A. Both initiating and terminating 
counters at center of core 3.68 x 10 sec 

B. Initiating counter at center of 
core; terminating counter in 
driver region 3.76 x 10 sec 

C. Reverse of B above 3.64 x lO'' s ec" ' 

Since the relative uncertainty in each measurement is of the order 
of 3%, there is no credible divergence in the above resul ts . 

An interesting computation can be performed in this connection. 
If we average the above results , we obtain a value of 3.70 x 10 for alpha 
at delayed critical. Taking 0.0075 as a reasonable value'^^^ for Pgff, we 
obtain a lifetime 

7.5 X 10 
-3 

° 3.70 X 10" 
= 20.2 X 10' 

However, if we ignore all the experimental resul ts with this assembly, we 
can estimate the lifetime by use of information from Fig. 5. From fission 
rate profiles for U " ' and U"°, which are reported separa te ly , '^^ ' we have 
estimated that the relative importance of the two regions is 1; 1 within, 
say, 10%. This takes into account the fact that 140 kg of fuel in the central 
region see a higher flux and occupy a position of greater importance than 
the 240 kg of U^̂ ^ in the driver region. 

From previous results the lifetime for the core composition of 
Assembly 34 is 24.7 x 10"° sec. We can with somewhat less assurance 
estimate the characterist ic lifetime in the driver composition. We note 
in Fig. 5 that Assembly 12 with ~37 v/o graphite has a lifetime 16%greater 
than the predicted lifetime of an a l l -metal assembly having the same V*. 
Assembly 17 with ~53 v/o graphite has a lifetime 35% greater than a cor
responding al l -metal system. The driver region has ~47 v/o graphite, 
and we obtain by hopeful interpolation an estimate that the lifetime of this 
composition will fall 25% above that of an a l l -metal assembly of the same 
V*. The V* here is 0.089 for which we read an a l l -meta l lifetime of 
11.8 X 10"° sec. Applying the 25% correction estimated above, we obtain 
a lifetime of 14.7 x 10"° sec. 

If we average these two lifetimes on a 1: 1 basis as discussed above, 
we obtain 

(24.7 + 14.7) , 8 
^ -X 10 ° = 19.7 X 10"° sec 
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Al though th i s r e s u l t is f o r t u i t ous in the e x t r e m e , it s u p p o r t s the p r e v i o u s 
f inding of no a p p a r e n t d i f f e r ence in a wi th c o u n t e r pos i t ion . N e u t r o n s 
t r a v e l so f r e e l y f r o m one r e g i o n to the o t h e r tha t the r e g i o n s a r e i n 
e x t r i c a b l y l inked , and the o v e r a l l b e h a v i o r is what migh t r e a s o n a b l y be 
e x p e c t e d f r o m c o n s i d e r a t i o n of t h e i r ind iv idua l c o m p o s i t i o n s . 

B. A s s e m b l i e s 19 and 40 

A s s e m b l i e s 19 and 40 di f fered f rom the o the r s y s t e m s r e p o r t e d in 
tha t t hey con t a ined b e r y l l i u m in the r e f l e c t o r . F o r t he se a s s e m b l i e s , the 
p r o b a b i l i t y of o b s e r v i n g a s econd count following an in i t i a l de t ec t i on was 
s p a c e - d e p e n d e n t and not d e s c r i b e d by Eq. (13). If the n e u t r o n d e t e c t o r s w e r e 
l o c a t e d in the c e n t r a l c o r e r eg ion , the p r o b a b i l i t y con ta ined two g r e a t l y dif
f e r e n t d e c a y p e r i o d s , i . e . , two v a l u e s of R o s s i - a . If the t im ing cyc l e w a s 
s topped by a n e u t r o n d e t e c t i o n in the b e r y l l i u m , only the longer d e c a y was 
s e e n . 

The l a r g e r a ( f a s t e r decay) is i n t e r p r e t e d a s r e p r e s e n t i n g the t i m e 
b e h a v i o r of c h a i n - r e l a t e d n e u t r o n p a i r s which have no i n t e rven ing l inks in 
the b e r y l l i u m r e f l e c t o r , i . e . , it is the a r e p r e s e n t a t i v e of the c o r e c o m p o 
s i t ion . The s m a l l e r a ( longer decay) is c h a r a c t e r i s t i c of the t i m e b e h a v i o r 
of c h a i n - r e l a t e d n e u t r o n s when a t l e a s t one i n t e rven ing event h a s o c c u r r e d 
in the b e r y l l i u m . 

A s s e m b l y 19 ( see F i g s . 16a and 16b) has been d e s c r i b e d e l s e w h e r e 
in de t a i l . (9 ) The c o m p o s i t i o n s of the v a r i o u s r e g i o n s a r e given in Tab le II. 

I-
( iPLirit u 

• I I I n i l IT 
I l l l l l T 

^ iiFiTT/eo«Tioi loe 

(a) 0>) 

Fie 16 Assembly 19 was a coupled fast-thermal power breeder critical experiment. The beryllium 
' in the reflector results in the appearance of two different values of Rossi-a. 
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Table II 

REGIONAL COMPOSITION VOLUME FRACTION 
OF ASSEMBLY 19 

Region 

Fast Core 

Natural Uranium 
Inner Blanket 

Beryllium 

Depleted Uranium 
Low-density Blanket 

Depleted Uranium 
High-density Blanket 

U235 

0.140 

0.003 

-

0.0008 

0.0019 

u"° 

0.159 

0.394 

-

0.397 

0.833 

Aluminum 

0.414 

0.311 

0.073 

0.316 

0.073 

Beryllium 

-

' 

0.835 

~ 

-

Three counter arrangements were used: a single (B F3) counter 
located about -|- of the way out in the natural uranium blanket, a single 
(B ' ^FS) counter about 3 in. out into the beryllium, and finally a two-counter 
arrangement with the initiating (fission) counter in the center of the core 
and the terminating counter ( B ' ^ F J ) in the beryll ium. The TA-16 time 
analyzer (see Appendix I) was used to measure the longer decay period. 
Due to the long decay time and substantial spontaneous source in the U , 
all these runs had to be made with the reactor considerably subcri t ical . 
Ho'wever, the results when extrapolated to delayed cr i t ical were in quite 
reasonable agreement. The decay constant (smaller Rossi-a) at delayed 
cri t ical was -490 ± 30 sec" ' . 

Similar analysis of the prompt-neutron decay constant in the fast 
region was performed with the TA-15 time analyzer. This was a difficult 
measurement because the fast region was by itself far subcri t ical . A 
crude measurement of this subcriticality was made by inserting a few 
cadmium strips between the beryllium and natural uranium blanket. This 
effectively stopped the returning thermal neutrons and caused a loss in 
reactivity. The loss in reactivity was then extrapolated to the loss that 
would have been observed if cadmium has been placed around the whole 
outer surface of the natural uranium blanket. This loss was considered 
to be the reactivity contribution of the beryllium, and the remaining r e a c 
tivity was assigned to the fast system. In this manner a reactivity of 
~0.96 was obtained for the fast system. 
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At this level of reactivity, prompt neutron chains contain fewer neu
trons by a factor of about 7 than at delayed cr i t ical . Since the effective
ness of analysis var ies as the square of the chain population (each chain 
must be detected twice), it was difficult to obtain good data. In addition, it 
was necessa ry to subtract the previously measured longer decay period a s 
sociated with the beryll ium region. The result was 0-fg.g^ = 3.75 ± 0.25 x 
10* s ec" ' . The composite chain behavior as observed at the center of 
Assembly 19 was 

P(t)dt = 0.9 e " ( ' - " "" ' ° ' ) ' dt + 0. 1 e - ' ' " dt . 

The zero time intercept has been normalized to unity. 

F rom the Rossi alpha cited above, namely, (3.75 ± 0.25) x 10* sec" , 
we can est imate the prompt-neutron lifetime in the core region. If the 
region is at K = 0.96, then Kp = 0.953 and AKp = 1 - Kp = 0.047. Fur ther , 

To = AKp/a = 12.5 X 10"° sec 

This lifetime is considerably different from what might be expected. The 
implication of Fig. 5 is that in a fast system the volume fraction of ura
nium is the governing factor. The core had the same composition as the 
cores of Assemblies 6F and 13, and therefore would be expected to have a 
lifetime of ~8-9 x 10"' sec. The source of this discrepancy is not readily 
apparent, but neither of the experimental values used to determine the 
lifetime is good. It might be argued that the method of determining the 
beryl l ium contribution to reactivity is at fault and that the beryllium also 
sca t te r s back epicadmium neutrons which are not detected in the meas 
urement as described above. However, if this were the case the reactivity 
contributions of the beryllium would be larger , the AKp for the core would 
be larger , and the resulting estimate of the lifetime still further from the 
expected value. 

If, on the basis of greater s tat is t ical importance, the smaller alpha 
(longer period) is taken as character is t ic of the overall behavior, we ob
tain an est imated prompt-neutron lifetime of 

_ AK^^ 0-0074 ^ . i 5 , i o - 6 3ec , 
^0 a 490 

which is in moderate agreement with the values given by Avery 
12.3 X 10'^ sec measured by the l /v absorber method and 12.7 x 
14 X 10"' for various multigroup calculations. 

C. Assembly 40 

As in Assembly 19, two different values were observed for the 
R o s s i - a in Assembly 40 (see Fig. 17 and Table IIl).U7} 

(9): 
10 - 6 
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j OF fl 

Fig. 17. Assembly 40 was similar to 19 in having 
beryllium in the blanket and having two 
different values for Rossi- a. 

Table III 

VOLUME FRACTIONS FOR ASSEMBLY 40 

M a t e r i a l 

U2J5 

u"» 
Sta in l e s s S tee l 
Sodium 
Aluminum 
Molybdenum 
Niobium 
Graph i t e 
B e r y l l i u m 
Oxygen 
Void 

Zone I 

0.280 
0.020 
0. 103 

0.101 

0.261 
0.136 

0.099 

Zone II 

0.312 
0.390 

0.057 

0.241 

Zone III 

0.093 

0.831 

0.076 

Volume 

Zone IV 

0.002 
0.833 
0.092 

0.073 

F r a c t i o n s 

Zone V 

0.090 

0.152 
0.254 

0.260 
0. 143 
0.101 

Zone VI 

0.214 
0.761 

0.025 

Zone VII 

0.093 

0.085 

0.822 

Zone VIII 

0.686 

0.314 
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Typical combined resul ts (for counters at center of the core) from 
both analyzers a re shown in Fig. 18. The measured values of Ross i - a , 
averaged from several runs, give a coincident probability 

P(t)dt = 0.96 e"'"-' "" '"*' dt + 0.86 e " ' - " "" ' " ' ' dt . 

where the two amplitudes a re only relative numbers. 
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Fig. 18. Combined plot of time analyzer 
results for Assembly 40. 

A supplementary measurement was made with the terminating 
counter in the beryllium reflector. In this configuration, the terminating 
neutron must almost certainly be related to the initiating neutron of the 
coincident pair through events occurring in the beryllium. This time, a 
single value for alpha was obtained, agreeing with the smaller of the two 
values previously measured. The disappearance of the fast decay in this 
experiment supports the hypothesis that the larger alpha is associated 
with core composition. 

The greater statist ical weight of the slower decay scheme makes it 
reasonable to assign it as an approximate weighted average behavior to the 
reactor as a whole. This then gives an estimated lifetime of 

To 
0.0068 

8.96 X lO' 
7.6 X 10"^ sec 
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VIII. PARTITION OF REACTIVITY IN TWO-REGION SYSTEMS 

On the scales of time and power on which Rossi-alpha m e a s u r e 
ments are made, the flux of a reactor can be considered a random time 
distribution of rapidly decaying prompt-neutron chains. The chains a re 
initiated by delayed or spontaneous source neutrons. Aseachchain quickly 
decays, it leaves "seed" in the form of delayed-neutron p recurso r s from 
which spring other prompt chains. 

Carrying this concept one step further, we can consider the flux 
in mixed assemblies such as 19 and 40 to consist of chains of subchains of 
neutrons. A subchain of neutrons occurring entirely within the fast r e 
gion will decay very quickly because of the short lifetime associated with 
the region and the large amount by which the region is subcrit ical . Each 
of these subchains leaves "seed" in the form of neutrons which diffuse 
into the beryllium and return later to start other subchains. This "fine 
s t ructure" in the decay chains is evident from the decay probability for 
Assembly 40 (see Fig. 18). 

Experimentally, data falling along the faster decay corresponds to 
the detection of two neutrons from the same subchain; data falling along 
the slow decay corresponds to the detection of neutrons from different 
subchains belonging to the same chain. 

Modification of Eq. (l3) to include both decays and setting 
(1 - Kp) = AKp and T(, = A Kp/a leads to 

Ev{v-\){K y 
P(t)dt = Cdt + 3^^ ff— a^e ° dt 

a r 

2 ^^(AKpJ^ 

E v ( v - 1) (K„J 
p C a^t 

2 ^ A K p c ) 
a^ e "̂  dt , (15) 

where the subscript "o" applies to the overall decay charac ter i s t ics and 
subscript "c" applies to the core region. Also, 

(Kpo) gp 

(Kpc) ' ac ^<^ 

(AKpJ^ 

(16) 

where the A's are the coefficients of the exponential t e rms , respectively. 
This ratio is readily obtainable from the data although the absolute values 
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are not. Solving, 

(AKpJ 
(Kpc)(AKpo) 

(Kpo) 

°-f Ac 
a„A^ 

(17) 

and, substituting Kp^ = 1 - (AKpc), 

Kn 

(AKpc) = 
^po 

(̂ v) ^ / ^ 
+ 1 (18) 

This equation gives (AKpo), the amount by which the core region is 
subcri t ical . 

Applying this to the rather crude resul ts available from Assem
bly 19, we obtain for the core region (AKpc) = 6.5%. Then the reactivity 
of the core region (referred to delayed crit ical) is (K .̂) = 1 - (AKpc) + 
Peff = 0.942, as compared with 0.96 cited ear l ier . The value of 0.96 was 
known to be crude and believed to be too large because the measurement 
did not account for the contribution of epicadmium neutrons to the r e 
activity of the system. 

A s imilar calculation for Assembly 40 gives (AKpc) = 2.38%, from 
which the reactivity of the fast system is about 0.983. 

IX. ROSSI-a MEASUREMENTS IN TREAT 

In 1959, when TREAT was first brought cr i t ical and before it had 
been operated at significant power, the lifetime was measured by the 
Ross i - a method. This was accomplished with the TA-16 analyzer which 
had been modified to operate in Mode III (i.e., accept multiple pulses in a 
single t ime channel at a single pass). 

TREAT (see Fig. 19) has been described in the l i terature . (!•*) 
Briefly, it is composed of U^^-impregnated graphite (atomic ratio 1:10^) 
reflected by graphite. At the time of these measurements , the 4-in.-
square fuel elements , containing a 4-ft fuel section with 2 ft of graphite 
reflector top and bottom, were loaded to an effective diameter of 53.6 in. 

The alpha was 8.1 ± 5% sec" ' extrapolated to delayed cri t ical . The 
effective delayed-neutron fraction was estimated as 0.072, which leads to 
an es t imate of the lifetime of 8.8 x 10"* ± 6% sec. This was a difficult 
measurement and probably represen ts the approximate limit of applica
bility of the technique. Experience at Brookhaven National Laboratoryl-^ î  
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supports this conclusion. The long lifetime and correspondingly long fis
sion chains require a very low power level for an acceptable s ignal- to-
noise ratio. It was necessary to operate the reactor in the vicinity of 
one dollar subcritical in order to reduce the chain overlap to a reasonable 
value. This in turn leads to a rather long extrapolation to cor rec t the 
observation to delayed critical. 

Fig. 19. TREAT had by far the longest prompt 
neutron lifetime of those reported here. 

Despite the difficulties inherent in this experiment, it is encour
aging to note the agreement between our values for the lifetime and the 
results obtained by other means.(14) 

Method 

Rossi alpha 
Oscillator 
Excursion 

Measured 
Lifetime 

8.8 X 10"* ± 6% 
9.0 X 10"" ± 2% 
9.0 X lO"* ± ? 

X. CONCLUSIONS 

1. The theory as presented is applicable to reflected systems 
having a single core composition. The results of measurements with As
sembly 20 indicate that the lifetime can be measured without ambiguity. 
It is evident from Fig. 5 that core composition (specifically, uranium 
density and enrichment) is the governing parameter and that the influence 
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of the reflector becomes less with increasing core size. Thus, these a re 
effectively one-region sys tems, and the method should apply even better 
to larger uranium sys tems. 

2. The measurement can be accomplished over a very large range 
of l ifetimes. Results given here range from ~2 x 10 to ~1 x 10" sec. 
However, the calculations given in Appendix III indicate that in a plutonium 
system (or any system with a large spontaneous neutron source) the meas 
urement gives doubtful resul ts when the spontaneous source exceeds 
~ -g- neutron per neutron lifetime. If the spontaneous source exceeds this 
level, a pulsed neutron source is required to measure lifetimes effectively. 

3. It should be possible by means of Fig. 5 to predict prompt-
neutron lifetimes in a wide range of reflected a l l -metal uranium systems 
provided there is no moderating mater ia l present. Twenty-two of the 28 
a l l -meta l uranium systems plotted in Fig. 5 fall within ± 10% of the trend 
lines. The equations of these lines are given in Section V. 

4. Measured lifetimes a re consistently larger than calculated 
lifetimes. The rat io of experimental to calculated lifetimes is about 1.3 
in all cases , and the boron-10 reactivity coefficients show a similar dis
crepancy. F rom this evidence, Davey(l8) infers that spectra he calculates 
a re too hard. 

5. An adaptation of the Rossi-alpha method makes it possible to 
determine the reactivity of the core region of a two-spectrum system. 
This may be of considerable interest in connection with space reactors 
whose weight limitations may dictate a fast core with a light reflector 
(e.g., beryll ium). 

6. Although the Rossi-alpha measurement is pr imari ly an ex-
amination of the time behavior of prompt-neutron chains, it can also be 
used to determine spatial charac ter is t ics of chains. We have demon-
strated the technique in Assembly 20, and propose a further application 
in Appendix IV. 



38 



39 

APPENDIX I 

DESCRIPTION OF TIME ANALYZERS USED 

A. Short Span Time Analyzer (TA-15) 

The TA-15 is a nine-channel, delayed-coincidence analyzer adapted 
to operation with either one or two inputs. Channel width is 1, 2, or 4 fisec. 

The description of the operation of the TA-15 will be made with the 
following initial conditions (refer to Fig. 20): operator options set to dual 
input and l - / i sec channel width, all flip-flops reset , SCALE OF TEN 
(Block 9) rese t , CONTROL GATE (5) and all OUTPUT GATES (10) closed. 

Fig. 2 0. The TA-15 time analyzer was used to obtain most 
of the results reported here 

An input pulse occurs at the A INPUT, where it is shaped by the 
A TRIGGER PAIR (1) and used to set the CONTROL FLIP-FLOP (3). The 
CONTROL FLIP-FLOP (3) as it is set provides an output which opens the 
CONTROL GATE (5). This allows 1-Mc oscillations from the OSCILLATOR 
(4) to feed to the SHAPING TRIGGER PAIR (6) which puts out a t rain of 
properly shaped pulses with 1-Msec spacing. This pulse t rain feeds the 
ADDRESS DRIVER FLIP-FLOP (8) whose outputs advance the SCALE OF 
TEN (9) (an MO-IOR Burroughs beam-switching tube) one position for each 
pulse to the address dr iver . Outputs from the SCALE OF TEN (9) open the 
OUTPUT AND GATE (10) corresponding to the SCALE OF TEN (9) position. 
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If at some later time a pulse a r r ives at the B INPUT, it is shaped 
by the B TRIGGER PAIR (2) and rese ts the CONTROL F L I P - F L O P (3). This 
stops the flow of timing pulses to the ADDRESS DRIVER F L I P - F L O P (8). 
The SCALE OF TEN (9) is now resting on a position which corresponds to 
time spacing between the pulse events on the A and B inputs. 

As it is reset , the CONTROL FLIP-FLOP (3) provides a pulse 
through the OR circuit (13) to the LOOK TRIGGER PAIR (14). This t r igger 
pair generates a LOOK pulse which is fed to all the OUTPUT ANDGATES (10) 
and appears on the output corresponding to the open OUTPUT AND GATE 
(10) designated by the final position of SCALE OF TEN (9). This feeds a 
single pulse to the scaler tallying that part icular time channel. 

The output of the LOOK TRIGGER PAIR (14) is delayed in DELAY (15) 
and fed to a TRIGGER PAIR (16), whose output drives two RESET TRIGGER 
PAIRS (17). One rese ts the SCALE OF TEN (9) while the other rese t s the 
SCALE OF TWO FLIP-FLOP (7) and the ADDRESS DRIVER F L I P - F L O P (8). 
The analyzer is now ready to accept another input on A which will s tart a 
new cycle. 

In the event that no input occurs at B during the 9 /usee following the 
pulse on the A INPUT, an EXCESS pulse is generated and the unit rese t s 
to await a new initiating pulse on the A INPUT. The EXCESS pulse is ob
tained by anticipating the end of a cycle; an output is taken from the 9 posi
tion of the SCALE OF TEN (9), delayed (11), and used to t r igger the 
OVERCOUNT TRIGGER PAIR (12). The OVERCOUNT TRIGGER PAIR (12) 
provides an EXCESS pulse, rese ts the CONTROL FLIP-FLOP (3), and, 
through the OR circuit (13) and the LOOK TRIGGER PAIR (14), r e se t s the 
SCALE OF TWO (7) and the SCALE OF TEN (9). 

The window width may be doubled by inserting the SCALE OF 
TWO (7) which halves the frequency of the pulse t rain. A single detector 
may be used to drive the TA-15 through input A, if the input selector switch 
is set to that position. 

From the description of the TA-15, it is clear that the "stop-watch" 
mode of operation results in more inspections (opportunities for counts) in 
the early channels. For example, if, during a part icular cycle, a count is 
observed in the ith channel, the machine rese t s and the subsequent channels 
are ignored. This small but significant bias is easily compensated. We 
simply normalize all channel data to the probability of a count during a single 
inspection. Working backward we can see that an inspection of channel 9 
resul ts in either a count in channel 9 or an EXCESS count; thus the single-
scan probability for a count in channel 9 is simply 09/(09 + XS), where C9 
is the total number of counts regis tered in channel 9 and XS (EXCESS) is 
the total number of scans which resulted in no coincident count. By s imilar 
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reasoning, we see that the single-scan probability in channel 8 is 
CB/(C8 + C, -f XS), since an inspection of channel 8 can resul t in any of the 
three outcomes indicated in the denominator. By extension, 

P(j) Cj + XS 
=J 

(19) 

If from this overall observed probability we subtract C At channel by channel, 
we obtain the exponentially decaying probability of detecting chain-related 
neutrons corresponding to the right-hand t e rm in Eq. (1 3). This is plotted on 
semilog graph paper so that the logarithmic slope (a) can be obtained. 

B. Long Span Tinne Analyzer (TA-16) 

The TA-16 is described for a dual input. The initial conditions are: 
all flip-flops rese t , SCALE OF TWENTY reset to 0, Gate (8) open and all 
other gates closed. Refer to Fig. 21. 

INTWM. CONTIKS. 

OATC 

R C C O m ECOKO 

•CAlX 
O f t 

_ JT, 

Fig. 21. The TA-16 time analyzer was used to measure 
longer decay periods 

An initiating pulse ar r ives at the A INPUT where it is shaped by 
the A TRIGGER PAIR (1). The output of the A TRIGGER PAIR (1) sets the 
CONTROL FLIP-FLOP (3) which, in turn, opens the CONTROL GATE (5). 
The open CONTROL GATE (5) allows a flow of clock pulses from the 
OSCILLATOR* (4) to the SHAPING TRIGGER PAIR (6). The output of the 
SHAPING TRIGGER PAIR (6) is fed to two gates: GATE (7) which is closed, 
and GATE (8) which is open. 

^Frequencies available correspond to channel widths of 5 to 250 /xsec. 
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This first clock pulse from the SHAPING TRIGGER PAIR (6) feeds through 
the open GATE (8) and sets the RECORD FLIP-FLOP (9). In the set con
dition the RECORD FLIP-FLOP (9) closes GATE (8) and opens GATE (7); 
this allows all succeeding clock pulses to reach the SCALE OF TWO F L I P -
FLOP (10). The clock frequency is scaled down by a factor of 2 by the 
SCALE OF TWO FLIP-FLOP (10) and its output fed to the ADDRESS 
DRIVER FLIP-FLOP (11), which advances to the SCALE OF TWENTY (12) 
one channel for each input pulse opening in sequence the OUTPUT GATES 
(13). The SCALE OF TWENTY (12) consists of an MO-IOR ten-position 
beam-switching tube and a scale of two. 

An event occurring on the B INPUT is shaped by the B TRIGGER 
PAIR (2) and fed through the open RECORD GATE (14). (The RECORD 
GATE (14) was opened by the RECORD F L I P - F L O P (9) at the beginning of 
the timing cycle.) The output of the RECORD GATE (14) sets the STROBE 
FLIP-FLOP (15), whose output opens AND GATE (19). At the end of a 
channel period a pulse is taken from the SCALE OF TWO F L I P - F L O P (10) 
and fed through the open AND GATE (19) to the STROBE TRIGGER PAIR (16). 
The STROBE TRIGGER PAIR (16) generates a pulse which is fed through 
the STROBE CATHODE FOLLOWER (17), then to all the output AND 
GATES (13), and passes through the open OUTPUT AND GATE (13) cor
responding to the open channel as determined by the SCALE OF TWENTY 
(12). The STROBE TRIGGER PAIR (16) also generates a rese t pulse which 
is fed to the STROBE FLIP-FLOP (15) to ready it for the next channel. At 
the end of 20 channels, AND GATE (18) is opened by a signal from the 
SCALE OF TWENTY (12). A pulse from the SCALE OF TWO F L I P - F L O P 
(10) is fed through the open AND GATE (18) to the STOP TRIGGER PAIR 
(20). The output of the STOP TRIGGER PAIR (20) rese t s the RECORD 
FLIP-FLOP (9) and the CONTROL F L I P - F L O P (3); this r ese t s the analyzer 
which will s tart a new cycle of 20 channels with the next pulse on the A 
INPUT. The TA-16 differs from the TA-15 in that every cycle passes 
through all channels and any number of channels may each accept one pulse 
during a given timing cycle. 

The analysis is somewhat simpler than with the TA-15, since all 
channels are examined the same number of t imes and 

P(j) = ^ 
Number of Timing Cycles 
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APPENDIX II 

SOME CONSIDERATIONS IN LOGICAL DESIGN 
OF TIME ANALYZERS 

For convenience we have classified time analyzers according to 
their internal logic. 

Mode I (stopwatch operation) is typified by the TA-15 described 
in Appendix I. The timing s ta r t s with the first input and stops at the sec
ond. The t ime channels subsequent to the one at which the cycle stops are 
not scanned. This leads to a simple bias which can be corrected by the 
method indicated in Appendix I. 

P(j) = C j / f I c , + x s j . (19) 

where P(j) is the single sweep probability of a coincidence in Channel j , Cj 
is the total count indicated in channel i, XS is indicated number of cycles 
during which no coincident count was detected, and n is the total number 
of channels. 

Ideally, a Mode I analyzer would have provision for single or double 
input and five monitor sca le r s : 

Gross Input A Net Input A 

Gross Input B Net Input B 

Excess 

Gross A and Gross B are the total number of pulses arr iving at the two 
inputs respectively during a run. Net A is the number of A pulses which 
ar r ive during the ready state of the analyzer and actually initiate a timing 
cycle. Net B is the number of B counts arr iving during a timing cycle and 
actually cause channel counts. Excess is the number of timing cycles dur
ing which no coincidence was observed. Analyzer performance can be 
verified as follows: 

Net A = X Ci + XS (all cycles must end somewhere) ; 
i=i 

n 
Net B = Z Ci 

i=l 

Gross B count rate is used to determine the random coincidence probability. 
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For single-channel operation Gross A is used to determine random 
probability. Net A is used as above and, depending on internal switching. 
Net B could still be used as a check against 2 Cj. 

The following Mode I character is t ics should be noted: 

1. Only one bit of data can be obtained per cycle. If the decay is 
relatively slow, say a<10* sec" ' , and counter efficiency is only moderate , 
then the rate of data acquisition will be inconveniently low. 

2. For short time scales, the unambiguous e i ther -one-channel -or -
the-next results are desirable, since fuzzy channel boundaries might intro
duce uncertainties large with respect to channel width. 

3. Prec ise Mode I logic is electronically obtainable at the t ime 
scales required for most of the studies reported here . Indeed, the con
ventional t ime-to-pulse-height converter used for measuring very short 
time intervals operates in Mode I. 

Mode II is typified by the TA-16. It differs from Mode I in that: 

1. Every timing cycle runs full scale before the analyzer r e se t s . 

2. A number of coincident counts can be observed in a single 
cycle but only one per channel per cycle. 

Provision for single or double inputs is desirable . Monitoring dif-
n 

fers somewhat since XS = Net A. As before, Net B = X ^ i , and Gross B 
i = l 

is used to determine the random probability. 

Mode II permits a greater rate of data acquisition for slower decay 
periods, but at the expense of less precision in channel boundaries. How
ever, since the channels can be much wider for these time scales , the im
precision in boundaries is less cr i t ical . 

Mode III is the same as Mode II except that there is no fundamental 
limitation on the number of coincident pulses which can be recorded per 
channel per cycle. Monitoring is the same as for Mode II. During our 
measurements in TREAT the TA-16 was modified to operate in this mode. 

Our experience indicates that there is no advantage in having a 
very large number of channels. There is only a certain amount of informa
tion to be obtained from a timing cycle, and the number of channels does not 
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affect this . The only way to make more information available is to increase 
the absolute counter efficiency. The TA-15 has 9 effective channels and the 
TA-16 has 20. Based on experience with these two machines, we propose to 
build an improved model with 15 (I* -1) channels with binary (rather than 
decimal) address . We will, however, endeavor to obtain a wide range of 
time scales . For narrow channels (At£ 10 ^usec), logic will be Mode I. For 
wider channels, logic will be Mode III. 
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APPENDIX III 

SOME CONSIDERATIONS IN PERFORMING A 
ROSSI-ALPHA MEASUREMENT 

It seems useful to set down a few "rules of thumb." 

Consider Eq. (13): 

P(t)dt = Cdt -I-
^ ^ ( ^ - ^ ) ^ P a t ^ ^ e dt 
2 v' (1 -Kp)To 

a negative (20) 

Substituting 

AKp = (1 -Kp) 

and 

AKp/7 

P(t)dt = Cdt -I-
E î  (V - 1) Kp a 

a t 

2 V' (AKp)^ 
dt (21) 

Beginning with the detection of an initiating neutron, the total prob
ability of detecting a second neutron is 

i: P(t) dt = CT -f 
E v(--' - 1)K|, 

2 v' (AKp)^ 

(22) 

where T is the span of the analyzer. 

All systems studied have a built-in source, spontaneous or cosmic, 
plus an available startup source over which there is some control. Let us 
define an "effective source strength" SQ such that the fission rate is given by 

F R (AK. sff) V 
(23) 

N. ote that l/l'AKp - Peff) is the simple multiplication of the system. 

Since E, the absolute counter efficiency, is defined relat ive to total 
fissions, the count rate C is simply E • FR. and Eqs. (20) and (22) can be 
written as follows: 



p( t )d t 
E S „ 

(AKp - /3eff)v 
dt -I-

w h e r e (Kp)^ = 1. L e t 

a n d 

Q ^(^ " D 
zV 

0.4 for U'' 

E Q K ^ 

AKp To 
d t (24) 

m d P u " ' ( s e e Ref. 3) 
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I 

/ 
P( t )d t 

ES„T 

(AKp - ^^ii)v 

E Q 

• 4 1 
1 -

a T (25) 

We now c o n s i d e r the p r o b l e m of the l a r g e s p o n t a n e o u s s o u r c e found 
in a p l u t o n i u m s y s t e m . Note tha t the l a s t t e r m i n E q . (25) i s the to ta l c o 
h e r e n t p r o b a b i l i t y n o r m a l i z e d to a s ing le s c a n . We ob ta in ( l - e " ) = 63% 
of the to ta l i n f o r m a t i o n a v a i l a b l e f r o m a s ing le s w e e p if the span T of the 
a n a l y z e r i s - l / a s e c o n d s and (1 
T = - 2 / a s e c o n d s . 

e"^) = 86% of the to ta l i n f o r m a t i o n if 

C o n s i d e r the s i g n a l - t o - n o i s e r a t i o S / N ( c o h e r e n t count to r a n d o m 
count) in the l a s t c h a n n e l u n d e r the a s s u m p t i o n tha t it i s not v e r y effect ive 
to m a k e m e a s u r e m e n t s m o r e than $1 ( i . e . , /Bgff) s u b c r i t i c a l and tha t the 
span of the a n a l y z e r i s ad ju s t ed to T = - l / x s e c o n d s . 

F r o m Eq . (24), a t T 

Q 

• 1 

S/N 
AKp TQ 

s7" 

0.4 
2 

X 0 

Peff 
368 

To 

So 

0.074^ 

TQ SO 

(AKp - Peff)^^ (2Peff " Peff) ^̂  

(26) 

0.18 
T„S/N 

for U " 5 

^ ~ 0.22 , ^ 23, 
So = ; ; i ; ^ ^°^ P" • 

In o t h e r w o r d s , for the cond i t ion spec i f i ed (T = - l / a and 
AK = 2 /3 ff), a s o u r c e SQ of about l / S n e u t r o n p e r n e u t r o n l i f e t ime wil l 
y i e l d an S/N of uni ty in the c h a n n e l a t T ~ • l / a . 
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Consider the EBR-I, Mark IV (plutonium) loading. The est imated 
met ime is ~4 x 10"^ sec, so the just tolerable Sp = 5 x l o ' n/sec^. The 
actual loading of -30 kg at 50 n / s e c / g yields a source of 1.50 x 10 n / s e c 
Thus, it would seem that Rossi-alpha in this core might be measured ef
fectively. By contrast, a plutonium loading in EBR-II might be 150 kg and 
have a prompt neutron lifetime of ~8 x 10'^ sec. The tolerable 

0.2 
8 X 10" 

2.5 X l o ' n / sec 

whereas the actual source for plutonium (5% Pu"°) would be about 
7.5 X l o ' n / sec , and there is little hope of performing an effective exper i 
ment in EBR-II or any larger reactor loaded with plutonium. Note that 
plutonium with a 5% Pu"" fraction is "clean" compared with the mater ia l 
which is expected to be used in future fast r eac to r s . 

We note that the SQ previously defined is not identical with the dis
tributed source furnished by the spontaneous fission of Pu"° throughout the 
fuel mater ial . The two sources differ in distribution; the actual source is 
uniformly distributed, whereas the fictitious SQ should be flux-shaped. They 
are similar in both being of fission energy. It seems reasonable to equate 
the two for the purpose of these approximate calculations. 

The measurement of alpha in large plutonium assembl ies can be ac 
complished by means of a pulsed neutron source. The time analyzer scan 
is tr iggered simultaneously with the source. The advantage is this: in the 
conventional Rossi-alpha measurement, it is necessary to detect a neutron 
belonging to same chain as the one which initiated the analyzer cycle; with 
a pulsed source there are a great many chains initiated at once, and a neu
tron from any of those chains can furnish a valid signal. 

One of the conditions specified in arr iving at the tolerable SQ for a 
reactor was that we would prefer not to go more than $1 (i .e. , A K / K = Peff) 
below delayed crit ical . As will be shown, this condition is very reasonable. 
Recall Eq. (25): 

/ "-^'^"'^m-ESoT EQ 
1 - e 

a t (27) 
(AKp - ^gff)i7 (AKp)' 

For whatever time span T we set on the analyzer, the overall S/N rat io is 

EQ 

(AKp)' 

a t 

ESoT 
= S/N 

(AK - Peff) V 

(28) 
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1 - e is relatively insensitive to changes 
in AKp, and we can effectively maximize S / N with respect to AKp if we max
imize the simple expression 

F(AKp) = (AKp - /3eff)/AKf, . (29) 

dF 1 2 (AK - jSgff) _ 

Thus 

dA Kp AK p̂ AK^ 

and 

AKp = 2 A K p - 2 p^ff 

Therefore, 

AKp = 2Peff • (30) 

In other words we maximize S / N at $2 below prompt cr i t ical or $1 below 
delayed cr i t ical . However, alpha is normally adjusted to delayed cri t ical 
for comparison with calculations, and it is desirable, if feasible, to operate 
nearer to that point in order to shorten the extrapolation. In addition, the 
rate of data acquisition usually becomes inconveniently low when a run is 
made far subcri t ical . For example, suppose that a is measured at $1 sub 
(delay) cr i t ica l (AKp = $2) and then it is desired to measure it again at 
$2 subcri t ical (AK^ = $3). An inspection of Eq. (Z5) indicates that the 
available information per sweep is reduced by 4/9 of that in the first run 
(at - $1) and, since the power level is reduced by a factor of 2 (simple 
multiplication), the rate of data acquisition will be reduced by a factor of 
more than 4. 
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A P P E N D I X IV 

PROPOSED E X P E R I M E N T TO U T I L I Z E S P A T I A L P R O B A B I L I T I E S IN 
DETERMINING THE INTERCOMMUNICATION 
B E T W E E N TWO CHAIN-REACTING MASSES 

J. T . Miha lczo^^" ' has r e p o r t e d an e x p e r i m e n t in which a s y s t e m 
c o m p o s e d of two iden t ica l b a r e s l abs (8 in. x 10 in . x v a r y i n g t h i c k n e s s ) 
of e n r i c h e d u r a n i u m a r e m a d e c r i t i c a l by b r i n g i n g one t o w a r d the o t h e r . 
He has m e a s u r e d alpha as a function of s e p a r a t i o n d i s t a n c e for v a r i o u s 
c r i t i c a l s y s t e m s . He found that a lpha at f i r s t d e c r e a s e d wi th i n c r e a s i n g 
s lab spac ing ( s y s t e m s with l a r g e r s e p a r a t i o n w e r e m a d e c r i t i c a l by in 
c r e a s i n g s lab t h i c k n e s s ) , and th i s was a t t r i b u t e d to the fact tha t the t i m e 
r e q u i r e d for a neu t ron to c r o s s the gap was c o m p a r a b l e with a n e u t r o n 
l i f e t i m e . The t i m e spent in the gap was added to the n o r m a l life e x p e c t 
ancy of the neu t ron making the t r i p and h e n c e r a i s e d the o v e r a l l a v e r a g e 
l i f e t i m e . However , when the gap e x c e e d e d about 4 in . , l a r g e r v a l u e s w e r e 
m e a s u r e d for a lpha . Th i s was i n t e r p r e t e d to m e a n tha t for l a r g e r gaps 
the r educed sol id ang les soon r e s u l t e d in fewer n e u t r o n s s u c c e s s f u l l y 
c r o s s i n g from one s lab to the o t h e r , and the l i f e t i m e s of n e u t r o n s whose 
whole path lay in one s lab began to domina te the a v e r a g e . 

It would be i n t e r e s t i n g (and p e r h a p s useful in deve lop ing safe ty 
c r i t e r i a ) to p e r f o r m an e x p e r i m e n t (see F ig . 22) a s fo l lows: 

1. F o r each s lab spac ing , m a k e a R o s s i - a l p h a r u n us ing A to 
in i t ia te and B to t e r m i n a t e the t im ing c y c l e . 

2. Repeat us ing A and B' (B and B ' s y m m e t r i c ) . 

3. In t eg ra te the a r e a unde r the two c u r v e s to obta in the to ta l 
p robab i l i t i e s of de tec t ing a c h a i n - r e l a t e d n e u t r o n at B and B ' having f i r s t 
de tec ted a neu t ron at A. Cal l t h e s e two p r o b a b i l i t i e s P and P ' , and e x a m i n e 
the r a t io P ' / P as a function of gap. 

Fig. 22 
Scheme of an experiment to 
measure the interdependence 
of two masses of uranium by 
using the Rossi-a equipment 
to measure the total chain co
incident probability as a func
tion of position 

SMALL 
GAP 

LARGE 
GAP 
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An a n a l y s i s of the e x p e r i m e n t can be m a d e a s fo l lows: 

1. The s y s t e m is c o m p o s e d of two i d e n t i c a l s l a b s which s ingly have 
a p r o m p t r e a c t i v i t y r e p r e s e n t e d byAKp. When b r o u g h t n e a r each o the r so 
tha t the whole s y s t e m is a t , or j u s t be low, d e l a y e d c r i t i c a l , the o v e r a l l 
p r o m p t r e a c t i v i t y i s AKpQ. 

2. By s y m m e t r y c o u n t e r s B and B ' a r e e x p o s e d to the sanne flux 
and, h e n c e , t h e i r e f f i c i enc i e s E and E ' a r e p r o p o r t i o n a l to t h e i r count r a t e s . 
Define E a s the p r o b a b i l i t y tha t B will de t ec t a n e u t r o n b o r n in S, and E ' a s 
the p r o b a b i l i t y tha t B ' wil l d e t e c t a n e u t r o n b o r n in S ' . 

3. S t a r t i n g with a s ing l e f i s s i on in S, the V n e u t r o n s f o r m e d u n d e r 
go m u l t i p l i c a t i o n in S y ie ld ing v/AKp n e u t r o n s . 

4. L e t F be the p r o b a b i l i t y tha t a n e u t r o n b o r n in S c a u s e s a f i s 
s ion in S ' . Then t h e r e wi l l be Fv / ! \Kp f i s s i o n s c a u s e d in S' r e s u l t i n g af ter 
m u l t i p l i c a t i o n in FvV(AKp)^ n e u t r o n s . By s y m m e t r y , t h e s e n e u t r o n s have 
the s a m e p r o b a b i l i t y F o f c a u s i n g f i s s i o n s in S, adding F l^/(AKp) n e u t r o n s 
to the o r i g i n a l v /AKp n e u t r o n in S. 

5. It c a n r e a d i l y be s e e n tha t , a f te r m a n y r e f l e c t i o n s , the n u m b e r 
of n e u t r o n s f o r m e d in S can be e x p r e s s e d a s a c o n v e r g e n t geonnet r ic s e r i e s : 

1 + , . . . , ? . + 
,AKp ^ (AKp)' ^ (AKp)^ / - AKp \^' ' (AKp)' ' (AKp) 

V I 1 

AK„ , FV 
^ ' • (AKp)^ 

and the n u m b e r of n e u t r o n s counted in tha t cha in is 

(31) 

V 
E 

1 

AK F ^ i / 
^ ^ ' - (AKp)' 

(32) 

The above e x p r e s s i o n is p r o p o r t i o n a l to the a r e a u n d e r the c o i n c i 
dent c u r v e when the a n a l y z e r i s i n i t i a t ed by A and t e r m i n a t e d by B . 
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S i m i l a r l y , the to ta l n u m b e r of cha in r e l a t e d n e u t r o n s in S' is 

( Fv' ^ Yht ^ -EhL . . . \ _ -J^LJ L ^ \ . (33) 
( (ZVNAKp)^^AKp)^ ) - ( A K p ) ' ^ ^ . F l ^ j 

(AKp, 

Th i s g ives 

E 
Fv' 
A K ^ 

/ 1 
F'v' 

"AK^p 

(34) 

co inc iden t counts when the t i m i n g cyc l e is t e r m i n a t e d by B ' . 

The r a t i o of the a r e a u n d e r the two co inc iden t c u r v e s is 

F v 
E ' 

AK^ 

V 

.' E ' Fv 

A r e a A' 
A r e a A 

F v A' E 
A E AKp AKp A E ' 

(35) 

(36) 

Going b a c k t o t h e E q . ( 3 1 ) , l / A K is the p r o m p t m u l t i p l i c a t i o n due to one s l ab , 
w h e r e a s 

1 / 1 \ 1 

-M.-,^J -p» 
(37) 

is the p r o m p t mu l t i p l i c a t i on of the whole s y s t e m . 

R e a r r a n g i n g and subs t i t u t ing f rom Eq . (.36), we have 

AK o AKpo 
AKp = ^ I T T = TTT^Tz . (38) P P'v' I A' E \ • 

(AKp) 

and al l quan t i t i e s on the r i g h t - h a n d s ide have b e e n e x p e r i m e n t a l l y 
d e t e r m i n e d . 
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APPENDIX V 

POSSIBLE EXPERIMENT TO DETERMINE WORTH 
OF FISSION NEUTRONS 

In principle, the following (probably marginal) experiment might 
be performed. In the upper part of Fig. 23a, the dotted line represents 
the unperturbed decay of an average pronnpt-neutron chain. If the chain 
is detected with a fission counter at some time (which is 0 on the analyzer 
time scale), the chain at that instant experiences a step increase in popu
lation of ( v - 1) neutrons, and the probability of subsequent detection of the 
chain is enhanced, as indicated by the upper solid line. On the other hand, 
if the initial detection is by means of a BF3 chamber, the chain experiences 
at that instant a loss of one neutron and subsequent detection probabilities 
are reduced, as shown by the lower solid line. This difference in detection 
probabili t ies is considered in Eq. (14), which leads to: 

EK' 
P(t)dt = C dt -t- — 

;i - Kp)To 

2 v ( l - K ) 
v{v- 1) + ij ^ 6 (39) 

The second t e rm in the bracket is the correct ion due to the nature of the 
initial detection, and 6 is the number of neutrons resulting from the detec
tion weighted for importance for position and energy. For initial detec
tion by a BF3 counter, 6 = 0. For initial detection by a fission counter, 
6 = vW, where W is a weighting factor dependent on energy and position. 

Suppose we do an experiment as follows: 

A. 1. Place a BF3 counter at Bj (see Fig. 23b), a fission counter 
in a symmetr ic position F j , and a terminating counter (nature not cri t ical) 
at T'. 

2. Make a Rossi-alpha run using Fj to initiate and T to te rmi
nate, which would resul t m data which are indicated by the line Fj in 
Fig. 23a. 

3. Repeat, using Bi to initiate and T to terminate , resulting 
in a set of data indicated by line Bj. 

4. APi, the difference between these l ines, is a measure of 
the worth of the V neutrons injected by the fission counter at the instant of 
detection and at the radius of F j (or B,). 



B. Move the two in i t ia t ing c o u n t e r s to p o s i t i o n s F^ and B^ ( s ee 
F i g . 23b) , leaving T as be fo re . Repea t the above p r o c e d u r e , ob ta in ing da t a 
r e p r e s e n t e d by the two l ines F , and B^ in F i g . 23a. AP^ is a m e a s u r e of 
the wor th of the s a m e v n e u t r o n s in jec ted at the r a d i u s of F^ (or B^). 

C. Repea t for as many r ad i i as a r e of i n t e r e s t , in each c a s e o b 
ta ining a APi which is p r o p o r t i o n a l to the w o r t h of V f i s s i on n e u t r o n s at 
r ad iu s Ri . 

(a) (b) 

F i g . 23 . Scheme of an e x p e r i m e n t to m e a s u r e 
the wor th of f i s s ion n e u t r o n s 

Rewri t ing the coefficient of the exponen t ia l in Eq . (39), we have 

v ( v - 1) 1 -F 
Zv' 

v(v- 1) 

(1 " Kp) 

V K r 
(40) 

The t e r m in p a r e n t h e s e s is v e r y n e a r l y 2.5 for U'^^, U" ' ' , or Pu ' ^ ' [see 
Eq. (24) et s e q . ] , so that (40) (for U"^) is a p p r o x i m a t e l y 

1 - K„ 
1 -I- (41) 
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Thus, 

1 " K 
APi =. - — ^ 6i = vWi . 

P 

Wi is the relat ive worth of fission neutrons at radius Ri. 

At delayed cr i t ica l AP^ would be of the order of 2% near the core 
center and at grea ter radii the APi would decrease . However, inspecting 
Eq. (41), we see that within l imits it would be possible to go well sub-
cr i t ical (using a neutron source, if necessary , to get enough chains) and 
greatly increase the marginal probability being observed. For example, 
at $4 subcri t ical , APi would be of the order of 10%. 



APPENDIX VI 

COMMENTS ON CALIBRATION OF CONTROL RODS BY 
ROSSI-ALPHA OR PULSED TECHNIQUES 

As the theory stands, we should be able to calibrate control rods 
by applying these techniques, and some use is being made of the method.(22) 
If the average time behavior of a prompt-neutron chain is described by 

ea t = e ^ , 
To 

then (see Fig. 24) the system is prompt critical when a = 0 (i.e., Kp = l) . 

Fig. 24 

Illustrating the effect of 
changes in neutron lifetime 
when control rods are cal i 
brated by means of a pulsed 
neutron source or Rossi-a 
technique. 

If we determine a^ for the system at delayed crit ical , we have a 
reactivity yardstick which can now be applied to control rods. 

Assume we move a control rod so that reactivity is reduced by an 
amount AK, and remeasure a. From the figure we obtain 

$1 -t- AKi $1 
(42) 

AKi (in $) = 1 — - 1 

the value of that particular increment of control rod motion. 

We have tried repeatedly to reverse the sequence described above 
and the results are puzzling. Briefly, we have measured a for a number 
of subcritical reactivities, the reactivity having been determined for each 
measurement by control rods. The control rods would in each case have 
been previously calibrated by the conventional positive period-inhour curve 
technique. Although the Rossi-a data are generally e r ra t ic due to poor 
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s ta t is t ics at lower react ivi t ies , they tend strongly to fall below the predicted 
line, as indicated by the c i rc les in Fig. 24. When extrapolated to a = 0, the 
indicated value of the dollar is substantially la rger than is calculated from 
delayed-neutron data. In contrast , Los Alamos has obtained from such 
extrapolations on small , dense metal systems dollar values consistent with 
those from delayed-neutron calculations. The following may serve to ex
plain a par t of the discrepancy. 

The extrapolation assumes that mean neutron lifetime is constant 
which is not s t r ic t ly t rue . 

Let 

^ 
v - 2f v „ 2 R±L_ -. !:P±1 , (43) 

Zf -f Z^ + 1 

where Zf, Z^,, and Z^ are core macroscopic cross sections for fission, 
paras i t ic capture, and leakage, respectively. Also, 

Zf -f Z^ -I- Zj = Zj, 

Z„ cc I / T O . (44) 

Assume Zf to be constant and consider the following: 

SKD SKp ,.^. 
AKp = ^ AZ, . 5 ^ AZ, ; (45) 

^ P i ^ ( A Z , + AZi) ; (46) AKp - ^ 

AZj = AZ, + AZ^ ; (47) 

AZ / Z . °/^° ] = - 1 . (48) 
AKp/Kpy 2^ constant 

Similarly 

^0" ""k 
where C is some constant. Also 

ATO = C ^ AZo 
-1 
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A T / T ^ ] . (49) 

^AZo/Zo/ 

This l a s t s t a t e m e n t is t r u e for any i n c r e m e n t s of Zf, Z , , and Z j . M u l 

t ip ly ing , we find 

ATO ^ AKp (50) 

To " Kp 

In o the r w o r d s , if Kp is r e d u c e d 1% by the add i t ion of an i dea l , d i s t r i b u t e d 
po i son , then the p r o m p t - n e u t r o n l i fe t ime is a l s o r e d u c e d by 1%. 

Now let us examine the effect on l i f e t ime when r e a c t i v i t y i s c o n 

t r o l l e d by addi t ion o r s u b t r a c t i o n of fuel only, i . e . , only Zf i s a l l owed to 

change . 

A K . = i ^ AZf ; (51) ^ ^ = l z7 

A ̂  
2 . 

2f 
AZ, ; (52) 

and 

AKp/Kp ^ ^ _ Zf ^^3j 

AZf /Zf Z(, 

If the r e a c t o r is n e a r c r i t i c a l 

AKp/Kp 1 , - .> 
P , P ^ 1 - _ L ; Z^ and Z, c o n s t a n t . (54) 

AZf/Zf Vp '̂  ' 

A s i m i l a r ca l cu la t ion y i e l d s , for the n e a r c r i t i c a l r e a c t o r , 

Z and Z^ c o n s t a n t . (55) 

(56) 

(57) 

AZf/Zf 

Dividing, 

AKp/Kp 

AZo/Zo 

Subst i tu t ing 

A2„ 

^ 

1 

= ^P 

AT„ 

•'o 
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and rearranging, we find 

A T „ 

(1 

AK^ 

Vp) Kp 
(58) 

In other words , if Kp is reduced 1% by subtracting ideally a distributed 
fraction of the fuel, the mean prompt-neutron lifetime will be increased 
by ~0.6% (for Û -*̂  system). The Los Alamos experiments were performed 
on small , very dense systems in which subcrit ical reactivit ies were ob
tained by withdrawing fuel. This small shift in lifetime might easily be 
masked by experimental uncertainty. 

By contrast , control in a typical assembly in ZPR-III is achieved 
by withdrawing drawers of core mater ia l . Thus, to go 1% subcritical, we 
actually withdraw more fuel than the amount corresponding to - 1 % A K / K 
in order to offset the positive effect of withdrawing the absorber also 
contained in the control drawer. The net effect on reactivity caused by 
control rod withdrawal is the algebraic sum of two opposing effects, while 
the concomitant effect on neutron lifetime is the sum of two effects in the 
same direction. Thus, 

ATQ/TO 

AKp/Kj_^ 

in general is not zero and may well be greater than unity. In essence, this 
type of control rod calibration depends on determining Aa/AK. But, 

Kn - 1 

and 

Ag 
AK^ 

_1_ 
To 

_1_ 

^ 0 

1 
To 

Kp " 1 ATQ 

S 
To Kp 

AKp 

ATO/TO 

AKp/Kp 

Kp - 1 / A T ^ / 

Kp lAKp/K, 

(59) 

(60) 

(61) 

The t e rm in parenthesis can have either sign, depending on method of con
t ro l Consequently, there can be a small ambiguity in measuring Aa/AK. 
This would be aggravated in ZPR-III where both fuel and poison are con
tained in the control rods . 

Stribel(24) has considered the effect of changing neutron lifetime 
. . T-..-,;-^ -.^eaBurements in thermal r eac to r s . 
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APPENDIX VII 

FORTRAN PROGRAM FOR ANALYZING ROSSI-ALPHA DATA 

A program to calculate the "Rossi-alpha" from the t ime-analyzer 
data was written for the IBM 1620. In the program, it is assumed that the 
data can properly be described by a single exponential curve superimposed 
on a random distribution. The program calculates the two pa ramete r s 
necessary to describe the exponential. This is done by a weighted least-
squares fit of a straight line to the logarithm of the number of counts after 
subtracting background. The program is written specifically for the TA-15 
time analyzer. 

The data are obtained from the experimental equipment and read 
into the computer as is . The data points [C(J) in the program] are first 
corrected for random background and for the varying number of channel 
inspections. This produces points P(J), to which an expression of the 
form ae-o-t is to be fit. A weighting factor(28) •w(J) is also calculated for 
each point. A straight line is fit to the logarithms of P(J). To do this con
sider the following: 

log P = log a - at 

Let 

log P = (PLN) 

log a - A 
program notation. 

Then 

PLN = A - at 

For a least-squares fit, we wish to minimize the value of D , where 

I 

-'-I A - ati - (PLN)j W-

Straightforward manipulations yield two linear equations which the 
parameters a and A must satisfy: 

I I I 
A ^ W, - a ^ tiWi = Y. (PLN)iWi 

i=i i=i i=i 

(63) 
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t l I 

t,W, - a ^ t > , = Y (PLN).t.W, 

(64) 

In the notation used in the program, the coefficients are named 
as follows: 

Y, Wi = SW 

Y. tiWi = STW 

Y (PLN)-Wj = SLW 
i = i 

I t'Wj = STT W 

Y (PLN),t.Wi = SLTW 
i = i 

The two linear equations may now be written as 

A(SW) + a(-STW) = SLW 

A(STW) •l-a(-STTW) = SLTW 

The values of A and a may be calculated by use of determinants . 

SLW 
SLTW 

ISW 
|STW 

SW 
STW 
SW 
STW 

-STW 
-STTW 
-STW 1 
-STTw| 

SLW 
SLTW 
-STW 
-STTW 

-SLW * STTW + SLTW * STW 
-SW * STTW -I- STW * STW 

SW * SLTW - STW * SLW 
-SW * STTW + STW * STW 

The program uses these equations to solve for A and a. 

FORTRAN Program for IBM 1620 

ROSSI-ALPHA LEAST SQUARES FIT PROGRAM 
DIMENSION C(10),P(10),W(10),PLN(10),CINSP(10) 

1 READ100,NASSY,NRUN 
100 FORMAT(14,14) 

READ102,WIDTH,TIME,REACT,B,EXCES,1 
102 FORMAT(5F13.0.14) 

B A C K = ( B * W I D T H ) / T I M E 
DO201J = l , l , 5 
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201 R E A D 1 0 1 , C ( J ) , C ( J + l ) , C ( J + 2) ,C(J+3) ,C(J+4) 

101 FORMAT (5F13.0) 
K=l 
CINSP(K)=EXCES 

202 K=K-1 
CINSP(K)=C(K)-HCINSP(K-H) 
IF(K-1)203 ,203 ,202 

203 DO204J = l , l 
P(J ) = (C( J ) -BACK*CINSP(J ) )* (EXCES) /CINSP(J ) 
W(J )=C(J )*C(J ) / (C(J )+BACK*EXCES) 

204 PLN(J)=LOG(P(J ) ) 
SW=0.0 
STW=0.0 
SLW = 0.0 
STTW=0.0 
SLTW=0.0 
T=0.0 
DO205J = l , l 
T=T+WIDTH 
SW=SW-I-W(J) 
STW=STW-I-T*W(J) 
SLW=SLW-I-PLN(J)*W(J) 
STTW=STTW-I-T*T*W(J) 

205 SLTW = SLTW-HT*PLN(J)*W(J) 
IF(SENSE SWITCH 1)206,207 

206 PRINT 103,SW,STW,SLW,STTW,SLTW 
103 FORMAT(5E14.0) 
207 A = (-SLW*STTW-l-STW*SLTW)/(-SW*STTW-l-STW*STW) 

ALPHA=(SW*SLTW-SLW*STW)/( -SW+STTW-fSTW*STW) 
Z=EXP(A) 
PRINT 104,NASSY,NRUN 

104 FORMAT(5HASSY = ,14,7H RUN = ,14 / ) 
PRINT 1 0 5 , A L P H A , Z , R E A C T 

105 FORMAT(6HALPHA = ,E10 .4 ,5H Z = ,F8 .0 ,9H R E A C T = F 8 . l / / / ) 
GO TO 1 
END 

Input Data 

The input m u s t be in the following f o r m : 

F i r s t C a r d ; a s s e m b l y n u m b e r and run n u m b e r , in f o r m a t (14,14). 

Second C a r d ; channe l width in m i c r o s e c o n d s , t o t a l r u n n i n g t i m e 
in s e c o n d s , a s s e m b l y r e a c t i v i t y , to ta l coun t s in channe l B , t o t a l c o u n t s in 
ove rcoun t channel ( exces s ) and n u m b e r of c h a n n e l s u s e d . The f o r m a t m u s t 
be 5F13 .0 , 14. 

Re ina in ing C a r d s ; five c h a n n e l s p e r c a r d , punched in f o r 
m a t 5F13 .0 . The c a r d s m u s t be a r r a n g e d a c c o r d i n g to the c h a n n e l n u m b e r i n g . 
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